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ABSTRACT
Today, transport refrigeration systems form a crucial part o f the “ Cold Chain” 
transporting fresh and frozen produce from refrigerated warehouses to wholesalers. 
When these systems operate with compartment set-point temperatures o f 0°C or 
below frost forms on the surface o f the evaporator coil due to the presence of 
moisture in the air. This moisture may result from air infiltration due to door 
openings or produce transpiration. As frost forms on the evaporator coil the free 
airflow space between the evaporator fins decreases, ultimately reducing the 
refrigerating capacity o f the system. Defrost cycles are periodically required to 
remove this frost to maintain system performance. This is typically accomplished by 
supplying high-pressure hot gas refrigerant directly from the compressor discharge 
to the evaporator coil on transport refrigeration systems and is referred to as “hot gas 
defrost” .
The motivation for this study came from within the transport refrigeration industry 
and sought to satisfy the following four main objectives; i) design and build an 
experimental test facility, ii) investigate the impact o f evaporator frosting on system 
dynamic performance, iii) characterise system behaviour during hot has defrost 
cycles and iv) assess the performance of defrost strategies and develop enhanced 
defrost strategies to optimise defrost performance.
This study has allowed the dynamic performance o f a transport refrigeration system 
under frosting and during hot gas defrost to be characterised for the first time. The 
study also describes the development and implementation of enhanced demand 
defrost strategies which led to continually thorough defrost cycles, which were not 
being achieved by the current strategies. This led to increases of 45% and 129% for 
the average times between successive defrosts at set-point temperatures o f 0°C and 
-20°C, while the minimum defrost cycle efficiencies improved by 14%  and 320% 
respectively. A  new Timed-Demand defrost strategy was developed and tested which 
led to the elimination o f unnecessary timed defrost cycles. The comprehensive test 
facility used is the first o f its kind dedicated to the investigation and optimisation of 
demand defrost strategies in transport refrigeration systems and will be available for 
the testing o f other systems.
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INTRODUCTION
Chapter 1 Introduction
1.1 EARLY REFRIGERATION SYSTEMS
Early refrigeration systems o f the mid to late 19th century were large, inefficient, 
expensive and therefore not commonplace. The operation o f  these systems norm ally
tilrequired the fulltime attention o f  an experienced operator. However, through the 20 
century the entire refrigeration industry grew and evolved rapidly. This growth 
continues today as new technologies such as electronic control systems and m ore 
efficient components such as compressors and coils are introduced, to facilitate the 
development o f  enhanced and more efficient refrigeration systems. Based upon their 
design function mechanical refrigeration systems can be placed into one o f  the 
following five categories, (Dossat and Horan, 2001);
i. Domestic
ii. Commercial
iii. Industrial
iv. M arine and transport
v. Air-conditioning
Domestic refrigeration systems include household fridges and freezers and represent 
a significant portion o f  the refrigeration industry. Commercial refrigeration includes 
refrigerated display cabinets and vending machines employed in grocery stores and 
restaurants. Industrial refrigeration incorporates large systems such as refrigerated 
warehouses found in dairies and food processing facilities. M arine and transportation 
refrigeration includes systems on sea vessel containers and truck and rail refrigerated 
compartments, while air conditioning systems are common in buildings, cars and 
buses to m aintain the desired air condition for humans (Dossat and Horan, 2001).
Today, society is extremely dependant on the refrigeration industry w ith systems 
being employed in a wide variety o f  applications. Air blast chillers are used to 
rapidly freeze produce such as fruits and vegetables after harvest. The produce is 
then stored in refrigerated warehouses at temperatures o f  -20°C. This food produce is 
later distributed from the refrigerated w arehouse to grocery stores and hotels by 
transport refrigeration systems. A t the grocery, store fresh and frozen produce is 
stored in refrigerated display cabinets at temperatures o f  4°C and -20°C  respectively. 
The produce finally finishes its journey from harvest to the home by being stored in 
domestic fridges and freezers. Air conditioning is a further application, which has 
become widespread in all types o f  buildings, such as hospitals, schools and hotels.
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Air conditioning is also extensive in cars, buses, trains and trucks. W hile there are 
numerous examples o f  refrigeration systems this study concentrates on road 
Transport Refrigeration Systems (TRS) and on im proving the defrosting function in 
particular. Therefore this study will be referred to as the TRS Defrost study to 
distinguish this study from other studies. However, given that all refrigeration 
systems have the same prim ary components and design layout any modifications or 
improvements to the TRS Defrost control m ay well be adopted or transferred to other 
refrigeration systems.
1.2 TRANSPORT REFRIGERATION SYSTEMS (TRS)
The first workable transport refrigeration system, know n as the Thermo King Model 
A Unit, was built in 1938 by  Frederick M cK inley Jones ‘a self-taught mechanical 
genius’ (ASME, 1996). The unit was constructed ‘from an improvised assortment o f  
components, some o f  which were salvaged from  junkyards’ (ASME, 1996). The 
bulky, heavy unit was mounted underneath the trailer as indicated in Figure 1.1. 
‘The technical challenges included building a structural frame and refrigerant tubing 
connections that would stand up to the constant pounding o f  road vibrations’ 
(ASME, 1996). W ith the advent o f  the transport refrigeration system it was now 
possible to transport perishable products thousands o f  miles.
Figure 1.1 - The first transport refrigeration system, the Thermo King Model A Unit (ASME, 1996).
As technology developed the capacity and performance o f transport refrigeration 
systems increased. The estimated capacity o f  the Thermo King Model C Unit built in 
1940 was between 2,340 and 2,930 W atts for a com partment temperature of+1.5°C  
operating in an ambient temperature o f  +35°C (ASM E, 1996). Today, Thermo 
K ing’s SL200e system has a cooling capacity o f  13,000 W atts for a compartment 
temperature o f  0°C, while operating in  an am bient temperature o f  +30°C (Thermo
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K ing’s SL200e specification, 2007). The m ajority o f  trailer and truck transport 
refrigeration systems are currently mounted on the front o f  the refrigerated 
compartment or Reefer, as it has becom e known, with the evaporator coil protruding 
into the refrigerated compartment. However, when these systems operate at 
temperatures o f  0°C or below, moisture in the air condenses and freezes on the 
evaporator surface. As this frost accumulates the perform ance o f  the system 
deteriorates until it degrades to such an extent that a defrost operation is required.
‘Defrosting is a process that removes frost and ice from evaporator surfaces to 
maintain optimal heat transfer rates’ (Dossat and Horan, 2001). Defrosting o f  road 
transport refrigeration systems is norm ally accomplished by supplying high-pressure 
hot gas refrigerant directly from the compressor outlet to the evaporator coil. As the 
hot gas refrigerant flows through the evaporator the thermal energy is used to warm 
the copper piping and aluminum fins in turn heating and m elting frost from the 
evaporator coil.
However, hot gas defrosting was once incisively described as the ‘necessary evil’ 
(Gough, 2004). W hen a transport refrigeration system executes a defrost cycle two 
factors combine to impact negatively on the refrigerated compartments set-point 
temperature; i) there is no means o f controlling the com partment set-point 
temperature since the cooling system is deactivated and ii) a significant portion o f 
the heat energy generated to m elt the frost m ust be rem oved following defrost 
thereby reducing the efficiency o f  the system. Operators o f  food transportation 
systems are well aware and vigilant o f  these negative traits w hen examining both 
food quality and reviewing system perform ance data after a delivery. Two features 
that they do not w ish to uncover are frequent and long defrost cycles as this can have 
considerable adverse effect on the appearance, quality and life o f  the food produce 
delivered. Examples o f  typical defrost data from the field w ill be presented in the 
next section to support the problem  definition.
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1.3 RESEARCH PROBLEM AND JUSTIFICATION
Thermo King Europe has for m any years supported collaborative research projects 
w ith Galway-Mayo Institute o f  Technology (GMIT) to develop and optimise their 
transport refrigeration systems. Two such PhD studies focused on the Optim isation 
o f Air Temperature Control in  a Three-zone Food Transportation Trailer Using 
M ultiple Evaporators (Vaclavek, 2003) and the Characterisation and Optimisation 
O f Transport Temperature Control Units In Heat M ode (Radulescu, 2005) to 
accurately quantify the heating capacity o f  Single-Temperature Transport 
Refrigeration Systems. This TRS Defrost study seeks to continue this successful 
collaboration and aims to characterise the performance o f  a transport refrigeration 
system as frost accumulates on the evaporator coil, profile the dynamic behaviour o f 
the system during hot gas defrost and develop enhanced demand defrost control 
strategies for the very successful Thermo K ing’s SL200e system.
1.3.1 Field Data -  Demand Defrost Cycles
An optional feature available on the SL200e refrigeration system is the Data 
acquisition system (DAS) and W intrac data analysis software. The DAS records 
evaporator air inlet and outlet temperatures, evaporator coil temperature, set-point 
temperature and operating modes. W intrac software is then used to communicate 
and read this data from the DAS system. These features allow customers to m onitor 
the performance o f  the SL200e refrigeration system and produce temperature 
records during transit. The start and finish times o f  both demand and timed defrost 
cycles are also logged by the DAS. A  screenshot o f  a typical download from the 
DAS is presented in Figure 1.2. The left-hand column shows the date and time while 
temperature data measured at the evaporator air inlet and outlet, the evaporator coil 
surface and within the load are presented in the remaining columns.
In this particular download the logging interval is set at 30 minutes. The first hour 
and 48mins captures the refrigeration system pulling down the compartment 
temperature to the desired set-point temperature o f  -3°C until the system is forced to 
execute a demand defrost between 18:57 and 19:13. This defrost cycle lasted 16 
minutes, however, due to the long interval between log times the data does not 
capture the temperature differential used to trigger this demand defrost.
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Date and time when 
data was logged
\
Time RETU LOAD I RET SUP ECOIL SETPT
05/09/200517:09 17.2 18.7 17.1 16.5 16.0
17:39 9.2 14.9 9.2 4.0 1.7 -3.0
18:09 8.9 14.7 8.9 2.7 0.9 -3.0
18:39 5.5 15.9 5.4 -3.4 -5.7 -3.0
18:57 Demand Defrost State Entered -----
19:09 9.5 17.6 9.5 6.9 9.7 -3.0
19:13 Defrost State Exited
19:39 2.7 17.2 2.4 -3.3 -5.4 -3.0
20:09 -0.1 15.7 -0.4 -7.6 -8.2 -3.0
20:39 -2.4 12.8 -2.8 -11.2 •12.4 -3.0
05/09/2005 21:05 2.3 11.9 1.6 -0.3 -0.8 -3.0
21:35 -1.5 9.8 -1.3 -1.1 -4.8 -3.0
21:46 1.7 9.5 1.0 -1.0 -1.7 -3.0
21:49 Demand Defrost State Entered -----
22:04 Defrost State Exited
22:16 7.3 13.0 6.8 1.7 ■0.7 -3.0
22:46 6.9 13.4 6.4 -1.5 -3.0 -3.0
23:09 Demand Defrost State Entered M-----
23:16 6.7 12.8 7.3 6.2 8.3 -3.0
23:22 Defrost State Exited
05/09/2005 23:46 6.3 12.9 5.8 -0.9 -3.7 -3.0
06/09/2005 00:00 SETPT : -3.0
00:00 -3.0
00:15 -0.8 9.6 -1.4 -5.4 -3.7 -3.0
00:20 0.5 9.5 0.3 -3.4 -1.9 -3.0
00:36 3.3 10.9 1.7 -1.8 -0.9 -3.0
00:38 SETPT : -2.0
00:38 -2.0
00:59 Demand Defrost State Entered M-----
01:06 6.3 11.8 6.7 6.7 10.0 -2.0
01:12 Defrost State Exited
06/09/200501:36 0.2 11.4 0.1 -1.0 1.4 -2.0
01:45 3.9 11.5 3.8 0.7 1.7 -2.0
02:13 2.1 9.3 1.7 -0.1 1.2 -2.0
02:35 2.0 8.4 1.6 -1.8 -0.4 -2.0
02:58 2.1 8.0 1.7 -1.1 0.5 -2.0
03:00 0.4 7.9 0.4 -4.7 -5.8 -2.0
03:30 3.3 8.1 —
- Evaporator air inlet temperature #1 
-Temperature m easured in load
- Evaporator air inlet temperature #2
- Evaporator air outlet temperature
- Evaporator coil temperature 
 Compartment set-polnt temperature
Demand defrost #1
Demand defrost#2
(2hrs, 36m ins after defrost #1)
Demand defrost #3
(1 hr, 6m ins after defrost #2)
Demand defrost #4
(1 hr, 36m ins after defrost #3)
Figure 1.2 - Field data for an SL200 refrigeration system logged every 30 minutes and showing 4 
demand defrosts over a 4-hour trip duration for a -2°C and -3°C set-point temperature (Rogers, 2005).
Additionally, the data does not provide an am bient temperature, a variable which 
impacts on the level o f  frost accumulation and the resulting defrost time. Following 
defrost #1 a second defrost cycle was initiated 2hrs and 36 mins later and lasted 15
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minutes. The duration between defrosts #2 and #3 decreased to ju st lh r  and 6 mins, 
while the duration between defrosts #3 and #4 was lh r  and 36mins. Defrost times for 
defrosts #3 and #4 also fell to 13mins compared with defrosts #1 and #2.
1.3.2 Limitations of Field Data
W hile data downloaded from the DAS is useful in term s o f  m onitoring temperature 
control w ithin the refrigerated compartment it is inadequate for a detailed assessment 
o f  the demand defrost control strategies due to:
i. Long tim e intervals between data logging, typically 15 minutes or 
greater, making it difficult to distinguish between normal system 
behaviour and system behaviour under frosting conditions,
ii. Only a few temperature variables are captured which makes it difficult to 
completely understand the response characteristics o f  the system in 
relation to frost build-up on the evaporator coil,
iii. N o ambient temperature data is available to identify the environmental 
conditions under which the system is operating,
iv. Lack o f  knowledge in relation to relative hum idity levels w ithin the 
refrigerated compartment,
v. Lack o f  knowledge o f  the produce being transported in relation to initial 
product temperature, heat o f  respiration and transpiration rates,
vi. No information in relation to operating conditions such as door openings 
for product loading and unloading and the effect o f  external factors such 
as temperature and relative humidity,
vii. Lack o f  knowledge o f  the frost formation type for various compartment 
temperatures and the effects o f  various frost types in relation to system 
performance,
viii. Lack o f  knowledge o f  the defrosting process relative to the accumulated 
frost mass on the evaporator surface and the defrost efficiency in terms o f  
the frost type,
ix. N ot possible to conclude if  reduccd defrost times result from reduced
amounts o f  frost build-up, variation in frost types or substandard defrost 
control strategies,
7
Chapter 1 Introduction
x. Not possible to determine if  reduced times between successive defrosts is 
caused by rapid frost growth due to high relative hum idity levels or due 
to premature termination o f  an earlier defrost cycle,
xi. N ot possible to ascertain a realistic defrost frequency relative to the 
compartment set-point temperature and relative hum idity levels.
Typical customer feedback in relation to defrost include:
i. Too m any defrost cycles being executed, particularly at the lower 
compartment set-point temperatures o f  -20°C,
ii. Undesirable for defrost cycles to be conducted at rates higher than once 
an hour,
iii. W ith each defrost cycle comes an undesirable temperature increase 
w ithin the refrigerated compartment,
iv. This results in poorer temperature control and impacts negatively on the 
quality and life o f  produce being transported,
v. Frequent defrosts cause the refrigeration system to function m ore often 
on high speed cool to recover the desired set-point temperature following 
defrost thereby increasing running costs.
These uncertainties and customer feedback highlighted the need for a dedicated 
experimental test facility capable o f continually monitoring the performance o f  the 
refrigeration system, conditions w ithin the com partment and the external ambient 
conditions to carefully assess the perform ance o f  the current Reference Defrost 
Control (RDC) strategies. Figure 1.3 presents results generated from the TRS Defrost 
test facility presented in Chapter 3 for the Reference Defrost Control (RDC) at 
compartment set-point temperatures o f  0°C and -20°C. The external ambient 
temperature during both tests was +15°C, w hile the relative hum idity measured 90% 
or greater for both set-point temperatures. The test results in Figure 1.3 shows the 
test time on the x-axis against the duration between successive defrosts on the y- 
axis. Initial analysis o f  the RDC replicated the trends displayed by  the field data in 
Figure 1.2 as it clearly shows that the tim e between successive defrosts decreases 
following the second defrost cycle. It also shows a higher num ber o f  defrost cycles 
at the -20°C  set-point temperatures. W hile a complete analysis o f  the RDC will be
Chapter 1 Introduction
presented in Chapter 6  it was im possible to profile and analyses these types o f 
results from field data.
Test Duration, t (hr)
Figure 1.3 - Experimental test data from this TRS Defrost study that clarifies and supports customer 
feedback by highlighting diminishing time periods between successive defrost cycles using the
Reference Defrost Control (RDC).
Also presented in Figure 1.3 is the “ideal defrost control perform ance” for both the 
0°C and -20°C set-point temperatures, where the tim e between successive defrost 
cycles remains consistent and does not diminish. This would potentially reduce the 
number o f  defrost cycle required over a given period and also minim ise the number 
o f  temperature swings within the refrigerated compartment.
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1.4 AIMS AND OBJECTIVES
The aim o f  this TRS Defrost study was to develop enhanced dem and defrost control 
algorithms for transport refrigeration systems operating at simulated fresh (0°C) and 
frozen (-20°C) conditions. The following objectives w ere set to enable this aim to be 
accomplished:
I. Conduct a literature review to examine the im pact o f  frosting on refrigeration 
system dynamics, system performance during defrost cycles, benefits o f 
demand defrost control strategies and numerical m odels for the hot gas 
defrost process.
II. Design, build and commission a test facility that is capable o f  generating a 
wide range o f  typical operating conditions, provide continual monitoring o f  
refrigeration system performance and when necessary assume complete 
control o f  the system.
III. Investigate the im pact o f  evaporator frosting on the dynamic behaviour o f  the 
refrigeration system in relation to evaporator refrigerant temperatures, system 
pressures, log m ean temperature difference, com pressor power and quantify 
the impact o f  frost growth on the system cooling load.
IV. Profile the dynamic performance o f  the refrigeration system during demand 
defrosts relative to the mass o f  condensate removed, refrigerant temperatures 
throughout the system, system pressures, refrigerant mass flow rate and the 
instantaneous heat input from the compressor.
V. Evaluate the perform ance o f  the Reference D efrost Control (RDC) strategies 
currently employed by  the SL200e refrigeration system over a num ber o f 
successive defrosts in terms o f  the heat loads associated with defrosting and 
the defrost cycle efficiencies. Develop and im plem ent enhanced demand 
defrost control strategies to maximise defrost cycle performance in terms o f 
defrost efficiency and m axim um  refrigeration times between defrosts.
VI. Consider the im pact o f  operating with a higher compressor throttle pressure, 
the application o f  a numerical model for prediction o f  compressor volumetric 
efficiency to enable estimation o f  refrigerant m ass flow rate and compressor 
work and the developm ent o f  an enhanced timed defrost control to eliminate 
unnecessary timed defrost cycles.
The thesis structure is overviewed in  the following section.
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The main objectives identified are addressed in this thesis as follows (Figure 1.4):
Chapter 1: This chapter provides the introduction for this study. The first section 
describes early refrigeration systems, their classification and a b rie f history o f  
transport refrigeration systems. It then outlines the thesis motivation, from which the 
aims and objectives o f  this TRS Defrost study are defined.
Chapter 2: Addressing Objective I, this chapter presents a literature review  o f the 
subject areas m ost relevant to this TRS Defrost study including the im pact o f  frosting 
on refrigeration system dynamics, system performance during defrost cycles the 
implementation o f  demand defrost control strategies and numerical m odels for the 
hot gas defrost process.
Chapter 3: Responding to Objective II, this chapter provides a detailed description 
o f  the experimental test facility and procedure, including the SL200e refrigeration 
system and refrigerated compartment. A  description o f  the instrum entation used to 
monitor system performance and the data acquisition and control system used to 
record data and assume control o f  the refrigeration system. The chapter concludes by 
presenting the experimental procedure employed during defrost testing.
Chapter 4: This chapter presents the first com prehensive analysis on the im pact o f 
evaporator frosting on dynamic behaviour o f  a transport refrigeration system for 
simulated fresh (0°C) and frozen (-20°C) conditions taking into account the impact 
on the cooling load as part o f  Objective III.
Chapter 5: Addressing Objective IV focuses on the dynamic behaviour o f  the 
SL200e refrigeration system during hot gas defrost cycles and contrasts the main 
dynamic differences between defrosts for fresh and frozen conditions.
Chapter 6: Assesses the performance o f  the Reference Defrost Control (RDC) 
strategies currently employed by  the SL200e refrigeration system for successive 
defrost cycles in terms o f  the defrost cycle times, defrost cycle frequency and defrost 
efficiencies. Outlines the development o f  enhanced demand defrost controls for 
optimisation o f  defrost cycle perform ance addressing Objective V.
1.5 THESIS STRUCTURE
11
Chapter 1 Introduction
Chapter 7: Responding to Objective VI consider the im pact of:
i. Increased compressor throttling pressure on defrost cycle performance,
ii. U tilisation o f  a numerical model for accurate prediction o f  com pressor 
volumetric efficiency thereby allowing estimation o f  the refrigerant mass 
flow rate and compressor work,
iii. Development and application o f  an enhanced tim ed defrost control to 
eliminate unnecessary timed defrost cycles.
Figure 1.4 - Overview o f the thesis Structure.
Chapter 8: The conclusions o f  the research together w ith the contribution to body o f 
knowledge in the field are overviewed in this closing chapter.
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W hile Chapter 1 outlined the key issues associated w ith dem and defrost controls on 
Thermo K ing’s trailer refrigeration systems, this chapter reviews the broader 
literature and identifies; i) the various approaches being employed to conduct 
defrosting and evaluates their suitability to transport refrigeration systems, ii) the 
impact o f  evaporator frosting on refrigeration system dynam ics and performance, iii) 
refrigeration system behaviour during hot gas defrost cycles, iv) adaptive demand 
defrost strategies developed and implemented on refrigeration systems and v) 
numerical models developed for hot gas defrost cycles.
2.1 DEFROSTING METHODS
Numerous approaches have been employed to defrost an evaporator coil and 
occasionally more than one method is used simultaneously. This section provides an 
overview o f the five m ost com monly used methods.
2.1.1 Hot Gas Defrosting
Hot gas defrosting is widely used in  industrial refrigeration (Stoecker et al., 1983; 
Strong, 1988; Cole, 1989; A l-M utawa et al., 1998; M ago and Sherif, 2002), large 
commercial systems such as display cabinets where the temperature is maintained 
below -12°C (Dossat and Horan, 2001) air source heat pumps (Miller, 1987; O ’Neal 
et al., 1989; Payne and O'Neal, 1995; Peng et al., 2003) and transport refrigeration 
systems (Lohan et al., 2005; Donnellan et al., 2005; D onnellan et al., 2006). During 
the defrost cycle hot gas refrigerant is directed from the compressor discharge 
directly to the evaporator coil heating the coil and m elting ice/frost from its surface. 
A ir is prevented from entering the refrigerated com partment by stopping the 
evaporator fan or alternatively by closing a dam per door on the supply air duct. 
Condensate removed from the coil is collected in a heated drain pan and allowed 
flow outside the refrigerated compartment. This m ethod o f defrosting is relatively 
simple and quick and is currently employed on all Thermo K ing’s trailer and truck 
refrigeration systems.
2.1.2 Electric Defrosting
Electric defrosting is used on domestic refrigerators and commercial systems where 
the cabinet air temperature is below  +3°C (Alebrahim and Sherif, 2002; Dossat and 
Horan, 2001; Ozyurt et al., 2002). During electric defrosting the compressor and
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evaporator fans are turned off. A  series o f  electric heating elements positioned 
beside the evaporator surface, or even within the evaporator tubes are energised. The 
heat from the elements melts frost accumulated on the evaporator surface. Again the 
condensate flows into a heated drain pan and is allow ed to drain from the system.
2.1.3 Off Cycle Defrosting
O ff cycle defrosting is used where the cabinet temperature is maintained above +3°C 
and frost accumulation is minimal (Dossat and Horan 2001; Cho, 2005). The 
compressor is turned o ff while the evaporator fans rem ain operational allowing 
warm air from the cabinet to circulate over the evaporator coil to melt frost. This is 
often employed on refrigerated display cases in supermarkets. However, this method 
o f defrosting is not suitable for transport refrigeration systems due to substantial 
levels o f  evaporator frosting and subzero Celsius com partment air temperatures.
2.1.4 Heated Air Defrosting
Heated air defrosting is used in commercial systems where the cabinet temperature 
is maintained below -12°C and the air surrounding the evaporator can be isolated 
(Dossat and Horan, 2001). During the defrost cycle dampers surrounding the 
evaporator coil are closed isolating the coil from  the refrigerated compartment. A  
heating element is energised warming the air surrounding the evaporator coil, which 
is circulated about the coil melting the frost. The compressor remains o ff while 
evaporator fans continue rotating to accelerate the heat exchange. This method o f 
defrosting is not suitable for defrosting the evaporator coils o f  transport refrigeration 
systems given the difficulty in isolating the large evaporator coil from the 
compartment surroundings.
2.1.5 Water Defrosting
W ater defrosting is a rapid method o f  defrosting evaporator in large industrial 
applications (Dossat and Horan, 2001) such as cold storage warehouses. W hen 
defrost is initiated the compressor and evaporator fans are stopped and a water 
solenoid valve opens permitting water to spray directly on to the evaporator coil 
from a series o f  tubes located above the evaporator. This defrosting method 
‘becomes a less acceptable alternative as the cabinet temperature decreases below 
freezing because the w ater can freeze on the heat transfer surfaces under certain
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conditions’ (Dossat and Horan, 2001) again m aking it inappropriate for defrosting 
evaporator coils o f  transport refrigeration systems given the wide range o f  operating 
temperatures in particular subzero Celsius temperatures.
2.1.6 Summary
From the five defrost methodologies presented it is clear that the only effective 
defrosting options available for transport refrigeration systems are hot gas defrost 
and electric defrost methods. However, hot gas defrost has been the preferred option 
on Thermo King transport refrigeration systems and remains the focus o f  this TRS 
Defrost study.
2.2 IMPACT OF FROSTING ON SYSTEM DYNAMICS
Before embarking on the development o f  enhanced defrost control algorithms it is 
important to be accustomed to and understand the effects o f  evaporator frosting on 
refrigeration system performance. Over the years several such studies have been 
conducted to investigate the effect o f  coil frosting on refrigeration system dynamics 
and these are summarised in Table 2.1.
Table 2.1 - Summary o f the principal studies that focused on the effect o f  coil frosting on mechanical 
refrigeration system performance (1957 -  2003).
Author (s) Year
Refrigeration
System
Key Findings
Stoecker 1957
Refrigeration
plant
With constant airflow overall heat transfer increased initially 
as frost began to deposit and then decreased as frost thickens. 
Frost growth causes reduced airflow, which lowers the system 
efficiency. Close fin spacing coils are more efficient under 
light frosting; the opposite is true as frost builds up.
Neiderer 1976 Air cooler
Frosting reduces airflow and system performance. The effects 
o f  frosting are reduced for coils with variable and wide fin 
spacing. Defrost heat losses range from 75 - 85%.
Fisk et al. 1985
Air-to-air heat 
exchanger
Temperature efficiency decreased with frost build-up. 
Recommendation for intelligent defrost control system to 
activate defrosts only when required.
Payne & 
O’Neal 1993
Air source 
heat pump
With constant and higher airflow tests evaporating 
temperature was maintained and increased times between 
defrosts. Low airflow reduced evaporating temperature and 
times between defrosts.
Lee et al. 1996
Finned tube 
heat 
exchanger
High air inlet temperatures resulted in a thin yet high density 
frost layer. High humidity environments generated a thick 
with low density frost layer. Thermal performance o f  heat 
exchanger closely related to blockage ratio while heat 
exchangers with small fin spacing suffer more from frost 
growth.
Peng et al. 2003 Air source heat pump
Little change in heat pump parameters until the frost layer 
reached critical thickness. Air flow had a major influence on 
frost formation rate.
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Stoecker (1957) studied the effects o f  frost formation on the surface heat transfer 
coefficient o f  refrigeration systems coils. This study concluded that the overall heat 
transfer o f  the coil first increased by 5 to 6 % with the first two pounds o f  frost and 
then decreased as frost mass increased. The reduction in airflow due to frosting also 
lowered the efficiency o f  the refrigeration plant. W hen frost accumulation was light 
coils with close fin spacing (nine fins per inch) w ere m ore efficient but the reverse is 
true as frost builds up due to the large drop in airflow in narrowly spaced fms. Coils 
with wider fin spacing (four fms per inch) are m ore efficient under frosting 
conditions.
In 1976, Neiderer carried out a study to determine the effects o f  frost accumulation 
on the rated capacities o f  air coolers and on different fin staging patterns. Results 
showed that frost accumulation on the heat transfer surface reduced airflow, 
consequently reducing the capacity and efficiency o f  the system confirm ing the 
earlier observations o f  Stoecker (1957). Neiderer noted that the capacity o f  air 
coolers w ith w ider fm  spacing (four fins per inch) were affected to a lesser degree 
than those with closer fin spacing (six fins per inch) and as a result, could operate for 
longer periods and at higher efficiencies between defrosts. Furthermore, air coolers 
w ith variable fin spacing were affected to a lesser degree than conventional constant 
fin coils w ith the same level o f  frost accumulation. It was also noted that during 
defrosts only 15% to 25% o f the heat required to defrost was removed with the 
condensate. The remaining 75% to 85% was lost to the environment surrounding the 
unit and to heat the metal o f  the coil and the cabinet o f  the air cooler. Thermo King 
trailer refrigeration systems employ a dam per door to minimise heat transfer to the 
refrigerated compartment during defrost.
A n experimental study on the performance o f  two residential air-to-air heat 
exchangers (one cross-flow and one counter-flow) under conditions o f freezing and 
periodic defrosts was conducted by  Fisk et al. (1985). This study showed that the 
temperature efficiency for the cross-flow heat exchanger decreased at the rate o f  1.5 
to 13.2 percentage points per hour during ice and frost build-up. A  more rapid 
decrease in temperature efficiency was associated with lower cold air stream 
temperatures, higher warm  air stream humidities and shorter periods o f  freezing. The 
temperature efficiency for the counter-flow heat exchanger decreased at a slower
17
Chapter 2 Literature Review
rate (0 . 6  to 2 .0 ), which was attributed to the larger flow passages and because m uch 
o f the condensed water drained to the warm er end o f  the coil where it could not 
freeze. The defrost time fraction (defrost time divided by  the total freeze and defrost 
time) ranged from 0.06 to 0.26 but did not differ greatly between the two heat 
exchangers. The authors also recommended the development o f  a freeze protection 
system (defrost control system) that would: i) activate the freeze protection only 
when necessary, ii) automatically adjust for changes in indoor humidity, outdoor 
temperature and flow rate, iii) not be activated by performance changes caused by 
factors other than frosting and iv) eliminate the need for extensive testing o f  each 
unit under conditions o f  freezing.
An interesting study carried out by Payne and O ’Neal (1993) investigated the affects 
o f outdoor fan airflow rates on the frost/defrost cycle o f  an air source heat pump. 
The base tests were carried out with normal airflow o f  72 m 3/m in that was allowed 
to decrease as frost formed on the evaporator. Constant airflow tests were also 
achieved by  using a booster fan to m aintain the airflow as frost developed on the 
evaporator coil, while the low and high airflow tests had respective air flow rates o f 
40 and 8 8 m 3/m in, which were allowed to decrease with frost accumulation. The 
following results were obtained;
• Decreasing airflow in the base case caused the evaporating temperature to 
decrease.
• The constant airflow case produced cycle times that were 43% longer than 
the base case while defrost times were only 14% longer.
• The constant airflow test m aintained a constant evaporating temperature 
while also delaying the degradation in air to refrigerant heat energy transfer. 
The heating capacity for the constant airflow test dropped by less than 5% 
which indicates that airflow is the dominant factor in heat transfer 
performance during frosting w ith the insulating effects o f  the frost layer 
secondary.
• The higher evaporator airflow tests showed an increase in the heat pump 
heating capacity, delayed the degradation in evaporating temperature thereby 
increasing cycle times by 31% while defrost times only increased by 12.5%.
• The lower evaporator airflow tests surprisingly caused a reduction o f  36% in 
the cycle times with 58% less condensate collected during the subsequent
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defrost cycle. The faster frost growth was attributed to the reduced 
evaporating temperature caused by the low er airflow rate.
All defrost cycles for the 4 test cases presented w ere term inated when the lowest 
liquid line circuit o f  the outdoor heat exchanger reached a temperature o f  26.7°C.
The effects o f  frost formation on a 2-row, 2-column, finned-tube heat exchanger 
were experimentally studied by Lee et al. (1996). This study analysed the effects o f 
heat exchanger design factors (fin spacing and fin arrangement) and operating 
conditions (temperature, hum idity and airflow) on the growth o f  the frost layer and 
performance o f  the heat exchanger. Results showed that a frost layer w ith a high 
density and thin thickness is formed with increasing air temperature. The higher the 
air inlet hum idity the thicker the frost layer, the low er the frost density and the 
higher the energy transfer resistance. However increasing airflow results in a 
reduction in thermal resistance, but an increase in  both frost thickness and density. 
The authors also noted that the thermal performance o f  the heat exchanger is closely 
related to the “blockage ratio” and is defined as the ratio o f  the airflow passage 
blocked by the frost layer. This study also identified that there is a significant change 
in the heat transfer rate for coils with narrow fin spacing (5mm fin spacing) as frost 
develops compared to coils with large fin spacing (2 0 m m  fin spacing) where there is 
little change in heat transfer w ith frost growth. This is consistent with the findings o f 
both Stoecker (1957) and Neiderer (1976).
The operating characteristics o f  an air source heat pum p with a nominal capacity o f 
70kW  under frosting and defrosting conditions w ere reported by  Peng et al. (2005). 
The study showed that during the frosting stage there was little change in the 
majority o f  the heat pump parameters until the frost layer reached a critical thickness 
o f  0.24mm and this param eter was proposed as the trigger for initiating defrost. 
Once this critical value was exceeded the operating characteristics o f  the heat pump 
changed with com pressor discharge and suction pressures increasing and decreasing 
respectively. A lthough the compressor pressures changed w ith frost build-up the 
compressor power rem ained virtually constant. The study also showed that airflow 
rate influenced the frost formation and growth considerably. A t lower airflow rates 
(50% o f the nominal airflow) frost formation started earlier and the frost layer 
thickness increased faster, drawing parallels w ith the findings from the study carried
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out by Payne and O ’Neal, (1993). During the defrost cycle the heat pump cycled 
on/off due to extrem ely low suction pressures. A  system design upgrade, consisting 
o f a duct w ith a solenoid valve connecting the receiver to the suction side o f  the 
compressor was introduced and tested. A  small portion o f  high-pressure gas was 
delivered to the suction side o f the compressor during defrost which prevented the 
heat pump cycling on/off and led to improvements in the defrost cycle.
Summary: The independently conducted experimental studies reviewed highlighted 
a number o f  common findings as to the im pact o f  frosting on system performance;
i. During the early stages o f  frost growth a slight increase in heat transfer 
performance m ay result but as the frost layer continues to grow the airflow 
decreases and the capacity and efficiency o f  the system reduces (Stoecker, 
1957).
ii. Coils w ith w ider fin spacing perform  better under frosting conditions 
compared to coils with closer fin spacing (Stoecker, 1957; Neiderer, 1976; 
Lee et al., 1996).
iii. The airflow rate through the coil has a significant influence on the rate o f 
frost formation (Payne and O ’Neal, 1993; Lee et al., 1996 and Peng et al., 
2003).
However, while there are common themes emanating from studies investigating the 
impact o f  frosting no such studies have been carried out on transport refrigeration 
systems. This TRS Defrost study investigates the influence o f  evaporator frosting on 
the dynamic performance o f  a commercial transport refrigeration system and in 
doing so help identify the sensors m ost adept at consistently revealing the degree and 
presence o f  frosting and those m ost suitable for triggering and terminating defrosts.
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2.3 REFRIGERATION SYSTEM PERFORMANCE DURING DEFROST
W hile the previous section reviewed studies outlining the effects o f  frost build-up on 
the performance o f  refrigeration systems this section focuses on the behaviour o f 
refrigeration systems during defrost cycles. It is worth noting at the outset that these 
studies focus predominantly on the analysis o f  an isolated defrost cycle, where as 
system performance under both single and successive defrosts are o f  interest in this 
TRS Defrost study. A  summary o f  the main findings from pertinent literature is 
presented in Table 2.2 followed by a m ore in-depth review.
Table 2.2 - Summary o f  the main findings from studies conducted on defrost performance of 
refrigeration systems (1983-2002).
Author (s) Year
Refrigeration
Systems
Key Findings
Stoecker 
et al. 1983
Industrial refrigeration 
system
Reduced energy requirements during defrost by 
supplying minimum hot-gas pressure to 
achieve satisfactory defrosts. Thermal energy 
used to heat coil, and warm and melt frost. 
Defrost efficiency normally less with higher 
refrigerant flow rates and temperatures
Strong 1988
Industrial refrigeration 
system
Identified ideal sequence o f  events for 
defrosting evaporator coils. Importance of 
sufficient quantity, but not excessive amounts 
o f hot-gas refrigerant to cover losses and 
improve defrost efficiency. Defrosting on 
demand is the best option.
Cole 1989 Industrial refrigeration system
Typically 80% o f  energy required to defrost 
evaporator coil returns to the refrigeration 
system as an added load. Maximum defrost 
efficiency estimates o f  60 — 75%.
Al-Mutawa 
et al. 1998a-e
Industrial refrigeration 
system
Description o f experimental test facility and 
data acquisition system and heat load 
calculations. Profiles o f  system dynamics 
during refrigeration and defrost cycles and 
quantitative data on heat loads associated with 
defrosting coils.
Ozyurtei
al. 2002
Domestic refrigerator
Domestic refrigerator with two evaporators in 
serial & parallel arrangements. Defrost 
efficiencies o f  13 and 65% for freezer & fresh 
food evaporators with heater defrost. With air 
and heater defrost combination fresh food 
evaporator defrost efficiencies o f  70 -100%.
Mago & 
Sherif 2002
Industrial refrigeration 
system
Effects o f  a partially dampered and fully 
dampered coil during defrost, resulted in 
improved defrost efficiencies o f  18 and 43% 
respectively. Under supersaturated conditions 
an abundant snow like frost was evident in 
contrast to little or no frost under sub-saturated 
conditions.
Stoecker et al. (1983) established through laboratory and field-tests features that can 
reduce energy requirements during hot gas defrost cycles o f  industrial refrigeration
pkj)i°
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systems. These include; i) the minimum hot-gas pressure to achieve a satisfactory 
defrost, ii) method o f  draining condensed liquid from evaporator coil and iii) the 
critical time to term inate a defrost cycle. A  hot gas pressure o f  15 psi above the 
outlet pressure regulator was proposed for the R22 and am monia systems tested. The 
study quantified the thermal energy used during defrosts, which consisted o f  energy 
required to warm fins and tubing, m elt frost and heat condensate. The study also 
revealed defrost efficiencies are norm ally lower when high refrigerant flow rates and 
pressures are employed.
Defrost efficiency was defined by  Kerschbaum er (1971) as ‘the ratio o f  the total heat 
required to m elt the frost including the sensible warming o f  the frost, to the total 
amount o f  defrost heat input including any refrigeration load effects’.
Strong (1988) defined the ideal sequence o f  events that should be employed when 
defrosting evaporator coils o f  industrial refrigeration systems as; i) rem ove liquid 
from the evaporator, ii) turn o ff the air circulation fan, iii) im plement hot gas defrost, 
iv) bleed down (remove hot gas refrigerant), v) re-cool evaporator coil w ith fan o ff 
and vi) resume refrigeration with fan on. The study also outlined the im portance o f 
supplying a sufficient, yet not excessive amount o f  hot-gas to cover heating and 
pressure losses, both basic elements that im prove defrost efficiency. The study also 
identified how demand defrosting is ultim ately the m ost effective w ay to conserve 
energy and reduce operating costs.
The refrigeration loads and associated costs o f  hot gas defrosting o f  industrial 
refrigeration systems were investigated by  Cole (1989). The study concluded that 
more than 80% o f  the energy required to defrost an evaporator typically went back 
into the refrigeration system as an added load, which is consistent w ith N eiderer’s 
(1976) findings outlined in Table 2.1. This results in a defrost efficiency o f  less than 
20%. Depending on the coil size, configuration and materials the maximum 
achievable defrost efficiency was estimated at 60 -  75%. The study also identified 
the two chief mechanisms by which losses occur as heat and mass transfer o f  air into 
the refrigerated space and refrigerant vapour bypass into the compressor suction.
Al-M utawa et al. (1998a-e) provided a comprehensive five-part series o f  papers 
detailing an experimental study conducted to obtain quantitative and reliable data on
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the heat loads associated with hot gas defrosting o f  industrial freezer coils. The first 
two papers described the experimental test facility, instrum entation and data 
acquisition system. The third paper described the test procedures and data reduction 
methodologies used to determine the heat loads. The fourth paper provided graphical 
test data o f key variables during the refrigeration/defrost cycle profiling the dynamic 
behaviour o f  the system. The final paper provided quantitative data pertaining to 
heat loads associated w ith hot gas defrosting o f  industrial coils. W hile Stoecker et al. 
(1983), Cole (1989) and Al-M utawa et al. (1998a-e) quantified the heat energy used 
during the defrosting o f  industrial refrigeration coils, no such inform ation exists for 
the defrosting o f  evaporator coils o f  transport refrigeration systems. In addition the 
refrigeration system o f this TRS Defrost study employs a damper door during defrost 
cycles to prevent warm  air entering the refrigerated com partment which w ill have a 
significant influence on the defrost performance.
Ozyurt et al. (2 0 0 2 ) conducted an investigation using both air and heater defrosting 
defrost in various permutations to ascertain defrost cycle efficiencies for a domestic 
refrigerator w ith dual evaporators. The study outlined that defrosting accounted for 
approximately 1 0 % o f  the total energy consumed in a no frost type refrigerator and 
as a result decided to focus on alterative defrosting methods. The study showed that 
air defrosting in the fresh food com partment was not suitable for serially connected 
dual evaporator refrigeration cycles, due to the duration o f  the defrost cycle and 
unacceptable tem perature rise in the freezer compartment. A ir defrosting o f  parallel 
connected dual evaporators was the m ost efficient w ay to defrost the fresh food 
compartment, while the freezer com partment continued cooling. The defrost 
efficiencies o f  the evaporators were calculated as 13% and 65% for the freezer and 
fresh food compartments with heater defrost respectively. For the air and heater 
defrost combination the defrost efficiency ranged from 70% to 100% for the fresh 
evaporator. W hile air defrosting is an option for defrosting evaporators in  the fresh 
food compartment o f  domestic refrigerators this is not feasible for transport 
refrigeration systems given the subzero Celsius operating conditions and the lengthy 
times associated with air defrosting. Furtherm ore, defrost efficiencies for a domestic 
refrigerator will differ from those o f  a transport refrigeration system due to the 
different defrosting methods employed and the substantial difference in the capacity 
o f  both systems.
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Mago and Sherif (2002) conducted an experimental investigation on an industrial 
freezer coil operating under supersaturated air conditions. During defrosting the 
influence o f  an undampered, partially dampered and fully dam pered coil was 
determined. The defrost efficiency im proved by 18% and 43% respectively utilising 
the partially dampered and fully dam pered coil relative to the undam pered coil. The 
use o f  the dampers prevented evaporated water and sublimated frost from returning 
back into the freezer space, which helped reduce the defrost frequency consequently 
improving the defrost cycle efficiency. The operation o f  the freezer under 
supersaturated conditions ‘was shown to produce a very dense snow like frost’ 
(Mago and Sherif, 2002) plentiful in its quantity, in contrast to virtually no frosting 
when tested under subsaturated conditions.
Summary: W hile the refrigeration and heat loads associated w ith defrosting 
evaporator coils o f  industrial refrigeration systems has been carried out by  Stoecker 
et al. (1983), Cole (1989) and Al-M utawa et al. (1998a-e), no such inform ation 
exists for transport refrigeration systems. However, these studies provided a useful 
grounding for the most appropriate experimental m ethodology and definition o f  the 
parameters that best describe the defrosting process. Examples include the studies 
conducted by; i) Stoecker et al., (1983); Cole, (1989) and Al-M utawa et al. (1998a- 
e) in quantifying the heat loads associated w ith defrosting, ii) Cole, (1989); Ozyurt et 
al. (2002) and M ago and Sherif (2002) defining defrost cycle efficiencies and iii) 
Mago and Sherif (2002) on improvements in defrost efficiency when dampers were 
employed during defrost.
24
Chapter 2 Literature Review
2.4 DEMAND DEFROST CONTROL STRATEGIES
W hile early refrigeration systems relied on the simple timer driven defrost controls it 
was evident in section 2.5 that defrosting on demand was the m ost efficient w ay to 
conduct defrost cycles. This section reviews the relevant literature w hich described 
the development o f  demand defrost control strategies and examines the perform ance 
o f  these strategies as applied to different refrigeration systems. The key findings are 
summarised in Table 2.3.
Table 2.3 - Summary o f  the principal studies undertaken to evaluate the performance o f demand 
defrost control systems (1972-2001).
Author (s) Year Refrigeration System Key Findings
Jarrett 1972 Domestic refrigerator
Demand defrost control had the potential to increase 
the duration between defrosts by a factor o f  3 or 4 
when contrasted against timed defrosts.
Bell 1978 Domestic refrigerator
Highlighted the unnecessary energy utilisation when 
defrosts are initiated at predetermined times. 
Presented a defrost control that initiated defrosts on 
demand and delayed defrosts by several weeks 
under light usage.
Eckman 1987 Heat pump
A review o f heat pump defrost controls including: 
timed, integrated time/temperature, reduction in 
airflow, changes in motor current and differential 
temperature control.
Heinzen 1988 Heat pump
Description o f an adaptive demand defrost concept 
for heat pump applications designed as a substitute 
for timed defrost controls. This defrost concept 
reduced energy consumption and maintained system 
efficiency.
Knoop et 
al.
1988 Domestic refrigerator
Adaptive demand defrost automatically adjusted 
“time before next defrost” based on number o f door 
openings while striving to meet optimum defrost 
time. This defrost control reduced defrost energy 
usage by between 50 and 75% and minimised 
temperature swings.
Payne and 
O’Neal 1992 Air source heat pump
Examination o f alternate defrost strategies, by 
cycling the compressor for part o f  the defrost cycle. 
Both new defrost strategies reduced defrost energy 
consumption by 22 -  25% but the overall cyclic 
COP showed only limited improvements.
Tassou et 
al. 2001
Refrigerated display 
cases
Review o f  demand defrost techniques which have 
been investigated over the years. Defrost frequency 
o f four defrosts/day caused unnecessary defrosts 
leading to increased energy consumption and 
product temperature fluctuations. Defrost 
condensate volumes increased with increasing store 
humidity levels.
Jarrett (1972) provided a detailed account o f  the development and functioning o f  an 
accurate low cost linear fluid amplifier that was responsive to air pressure and could 
be potentially used as a trigger sensor for demand defrosts in domestic refrigeration.
25
Chapter 2 Literature Review
This fluidic type sensor was used to m onitor the pressure drop across the evaporator 
coil. The introduction o f  this new trigger sensor for demand defrosts had the 
potential to increase the duration between successive defrost cycles in low hum idity 
conditions by a factor o f  3 or 4. Lengthening the tim e betw een successive defrost 
cycles is also a goal for this (TRS-Defrost).
A  study was conducted by Bell (1978) to highlight the unnecessary energy 
utilisation o f  domestic refrigerators that initiate defrost cycles at a definite time 
interval. An alternative demand defrost system that initiated defrosts only when 
necessary and had the potential to replace timed defrosts was presented. The defrost 
initiation system was developed based on the assum ption that frost build-up was a 
function o f  compartment hum idity and com pressor run time. A  demand defrost was 
initiated when the integral o f  the humidity and the com pressor run time reached a 
predetermined value. Experimentation o f  the demand defrost system showed this 
control strategy initiated defrosts at 1 2  hour intervals w hen operating under the m ost 
adverse operating conditions, which was similar to that achieved by  timed defrost 
control, but defrosting was delayed by  several weeks under light usage, thereby 
eliminating unwanted defrosts and conserving energy. The ability to prevent 
unnecessary defrosts was also targeted in this TRS-Defrost study.
A  review o f heat pump defrost controls was conducted by Eckman (1987). The 
defrost controls discussed for activation and term ination defrosts included:
Timers to initiate and term inate timed defrosts at fixed intervals. This control 
strategy is also utilised on the refrigeration system o f this TRS-Defrost study. 
Integrated Time/Temperature control to determine the need for defrost 
initiation and defrost duration based on operating conditions.
A  reduction in  airflow due to frost build-up on the evaporator coil can be 
measured by a pitot tube or hot wire anem ometer to initiate defrost.
• Circuits devised to measure motor current change relative to the degree o f  
frosting on the evaporator coil can be used to initiate defrosting
• Differential Temperature between the coil temperature and the ambient 
sensor can be used to indirectly trigger a dem and defrost when a pre-set 
difference between both temperature sensors is exceeded. Defrost is 
terminated when the coil temperature increases above a pre-set value and this
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control strategy is also utilised on the refrigeration system in this TRS- 
Defrost study.
Heinzen (1988) described the development o f  an adaptive demand defrost concept 
for heat pump applications designed as a substitute for tim e-initiated defrost 
controls. The demand defrost concept automatically adjusted the frost accumulation 
period to achieve an optimal defrost time. I f  the defrost duration was shorter than the 
optimal defrost tim e the frost accumulation period was increased. Alternatively, if  
the defrost duration was longer than the optimal defrost time the frost accumulation 
period was shortened. This adaptive defrost concept reduced energy consumption, 
maintained the overall system efficiency and im proved refrigerated food quality 
resulted when this control strategy was applied to refrigeration systems.
Knoop et al. (1988) presented an integrated refrigerator control system for a 
domestic refrigerator which accomplished two-zone temperature control, adaptive 
demand defrost and a m onitoring and testing o f  system functionality. The adaptive 
demand defrost automatically adjusted the “time before next defrost” based on the 
number o f  door openings while also continually striving to m eet the optimum defrost 
time relative to changes in humidity. The adaptive demand defrost concept reduced 
defrost energy requirements by between 50 and 75% in m ost situations, minimised 
freezer bum  and the num ber o f  temperature swings by keeping the number o f  defrost 
cycles to a minimum.
The studies conducted by Heinzen (1988) and Knoop et al. (1988) showed adjusting 
the time between defrosts and using the optimal defrost tim e can result in reduced 
defrost energy requirements, im proved system perform ance and a reduced number o f 
temperature swings in the refrigerated compartment. W hile it is desirable to replicate 
all these positive attributes in this TRS Defrost study it m ay not be possible to use 
any o f  the methods used in the aforementioned studies as they m ay not be responsive 
enough to the diverse operating conditions o f  a transport refrigeration system, such 
as dry and wet loads or variable ambient temperatures that contrast with the more 
stable operating conditions encountered by heat pumps and domestic refrigerators.
An experimental study o f  alternate defrost strategies on a 10.6 kW  nominal capacity 
air-source heat pump was carried out by Payne and O ’Neal (1992). W hile executing
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the original defrost strategy the outdoor coil was supplied with hot gas refrigerant for 
the entire defrost cycle. The second and third defrost strategies involved turning the 
compressor o ff for part o f  the defrost cycle and this was referred to as multi-stage 
defrost. All three defrost strategies had comparable integrated cyclic COP values, 
but the second defrost strategy yielded a COP, that was 42% better than the original 
defrost strategy. M eanwhile, the third defrost strategy yielded a defrost COP that 
was 10% lower than the original defrost strategy. The defrost energy consumption 
was found to decrease by  as much as 22 to 25% using either o f  the multi-stage 
defrost strategies. However, manufacturers judge performance on cyclic COP and 
not defrost efficiency and the tests conducted showed only limited potential for 
improving cyclic COP for the complete frost/defrost cycle o f  the heat pump. This 
TRS Defrost study also investigated m eans o f  im proving the defrost cycle efficiency. 
However it is not practical to turn o ff the compressor during defrosts on transport 
refrigeration systems owing to the likelihood o f  frost refreezing on the evaporator 
surface due to the subzero compartment temperatures.
Field and experimental investigations on the processes o f  frosting and defrost control 
parameters o f  medium temperature display evaporator coils was conducted by 
Tassou et al. (2001). The study outlined a num ber o f  demand defrost techniques 
which have been investigated including:
Air pressure differential across the evaporator coil,
• Sensing the temperature differential between the air and evaporator surface 
temperature, which is also used on the refrigeration system o f this TRS- 
Defrost study.
• Sensing the fan power,
More recent techniques that are m ore suited to stationary systems that mobile 
commercial systems included:
• M easuring ice thickness by  m onitoring the resonant frequency o f  an 
oscillator installed on the evaporator coil and
• M easuring the therm al conductivity o f  ice using photo-optical and fibre optic 
sensors.
Test results showed that a defrost frequency o f  four defrost cycles a day (normally 
employed on m edium  display cabinets) caused unnecessary defrosts leading to 
increased energy consumption and product temperature fluctuations. The only
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occasion a display cabinet would require four defrosts a day was w hen a 
combination o f  the worse conditions were apparent, temperatures exceeding 22°C 
and relative humidity above 60%. To conserve energy it was proposed that a 
variable defrost frequency control should be employed based on the store 
environmental conditions. Store relative hum idity and enthalpy, temperature o f  the 
air in the cabinet back tunnel, length o f  the previous defrost cycle and refrigerant 
parameters were proposed as control param eters that could be used as part o f  a 
variable defrost control. Tests showed that for a preset interval o f  440 minutes 
between successive defrost cycles that the condensate volum e removed during a 
defrost increased as the store temperature and relative hum idity increased. This is 
not surprising since m ore moisture is present in  the air at the higher air temperatures.
Summary: This section reviewed a number o f  control parameters that can be used to 
evaluate a demand defrost control system. The introduction o f  adaptive demand 
defrost strategies led to a reduction in the num ber o f  defrost cycles and extended the 
time between defrosts. As a result the energy consumed for defrosting decreased and 
the number o f temperature swings reduced, w hich are both desirable results for this 
TRS Defrost study when compared to timed defrost controls. The benefits o f  
defrosting on demand are therefore significant. However, the adaptive demand 
defrost strategies presented were developed as a replacement for timed defrost 
controls while the optimisation o f  these strategies was not discussed.
2.5 HOT GAS DEFROST NUMERICAL MODELS
It is only over the past 15 years that numerical m odels have emerged and these 
proved useful predictive tools for estimating refrigeration system performance and 
reducing product development test time. The following section presents some o f the 
key studies which developed numerical m odels to support the development and 
assessment o f  defrosting strategies.
Krakow et al. (1992) presented a two-part paper that described a model o f  the hot 
gas defrosting process o f  evaporators o f  an air source heat pumps and refrigeration 
system. The first paper (1992a) evaluated the heat and mass transfer parameters 
necessary to accomplish the idealised model o f  the hot-gas defrosting process. The 
idealised defrosting process was subdivided into four stages: preheating, melting, 
vaporising and dry heating. The second paper (1992b) carried out an experimental
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analysis to determine parameters required for the numerical calculations. The 
idealised defrost m odel yielded results for the evaporator coil wall temperature and 
refrigerant temperatures and enthalpies that were similar to the experimental 
measurements both numerically and characteristically.
Krakow et al. (1993) presented another two-part paper o f  an idealised model for 
reversed cycle hot gas defrosting, (comm only used on heat pumps and refrigerators) 
for systems with receivers. During defrost the flow o f  refrigerant is reversed while 
the compressor remains operational. The first paper (1993a) detailed the theory and 
in so doing provided an idealised model suitable for the simulation o f  performance 
characteristics o f  defrosting cycles while also being able to provide a quantitative 
analysis. The second paper (1993b) focused on the experimental analysis and 
validation o f  the idealised model. The experimental investigation showed that some 
parameters were directly indeterminable or practically indeterminable such as 
saturated refrigerant states, a detailed refrigerant mass inventory and heat storage in 
components. The study concluded that further experimental investigation was 
required to improve the analytical model.
Alebrahim and Sherif (2002) presented a paper describing the enthalpy method, 
which is based on the conservation o f  energy expressed in terms o f  the enthalpy and 
temperature. The enthalpy method was used to determine the defrosting time, total 
load and temperature distribution in the frost layer during the defrosting o f  a coil 
fitted w ith a cylindrical fin. W hile the analysis presented applied to electric 
defrosting it could also be m odified to handle different defrosting m ethods and 
processes. The advantages o f  this method included its ability to cope w ith phase 
change and sudden leaps in energy. Results from the m odel indicated that there was 
a diminishing return in using very high electric heat input rates for the purpose o f 
decreasing the defrost time. In addition, the model showed that the tem perature o f 
the copper section increased faster than the frost, which was attributed to higher 
thermal conductivity and capacity o f  the copper.
Hoffenbecker et al. (2005) presented a paper describing the development, validation 
and application o f  a transient model to predict the heat and mass transfer effects 
associated w ith hot gas defrosting an industrial air-cooling evaporator. The defrost 
time estimates from the model compared well with the time required to melt
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accumulated frost from an evaporator coil o f an industrial refrigeration system. 
Model predictions for defrost energy expenditure also compared well to that reported 
in the literature. Interestingly the model predicted that the mass o f  moisture re­
evaporated into the surrounding space increases with decreasing hot gas temperature. 
This trait was attributed to the prolonged defrost dwell tim e required to m elt the frost 
which suggests energy impacts associated with defrosting can be m inim ised by 
limiting the defrost dwell time.
Summary: The defrost models presented are capable o f  simulating the dynamic 
performance o f  refrigeration systems during hot gas defrosts and further able to 
predict the time required to execute a defrost with a reasonable degree o f accuracy. 
However, in the development o f  these models a num ber o f  assumptions are made 
which differ to those encountered in real life systems, such as uniform frost build-up 
on the coil surface. Additionally, several initial input parameters are required for 
these models, such as initial frost temperature and mass o f  accumulated frost, factors 
which differ from one system to the next and vary with operating conditions. 
Therefore, an experimental study is essential to m eticulously analyse the defrost 
performance o f  transport refrigeration systems over an extended period o f  time.
2.6 LITERATURE REVIEW SUMMARY
The literature review has identified a number o f  studies that have investigated the 
effects o f  evaporator frosting on system performance. The shared theme emanating 
from these studies concur that as frost accumulates on the evaporator coil the free 
airflow space through the coil decreases thereby reducing the airflow through the 
coil. A  lower airflow rate reduces both the cooling and heating capacity o f the 
system. It was also emphasised that the thermal perform ance o f  refrigeration systems 
is closely related to the degree o f  free air space taken up b y  accumulated frost. So far 
no studies have been carried out to determine the effects o f  evaporator frosting 
specific to transport refrigeration systems. This TRS Defrost study sets out to 
accomplish this.
Defrosting studies outlined the ideal sequence o f events that should be employed 
when executing defrost cycles and also considered the energy requirements o f 
defrosting industrial evaporator coils. It was estimated that 75% - 85% o f the energy
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required to defrost evaporator coil returned to the refrigeration system as an added 
load while the use o f  dampers during defrosting helped im prove the efficiency. This 
TRS Defrost study also sought to quantify the heat loads associated w ith defrosting 
evaporator coils o f  transport refrigeration systems in term s o f  the heat input from the 
compressor, heat losses, and defrost cycle efficiency.
A  num ber o f  studies reported on the development o f  demand defrost controls as a 
substitute for timed defrost controls to reduce energy consumption and prevent 
unnecessary defrosts. However, these demand defrost controls were devised for air 
source heat pumps and domestic refrigerators where operating conditions differ 
greatly to those encountered by transport refrigeration systems. Consequently, the 
approach taken or conclusions reached may not be directly applicable to this TRS 
defrost study. Furthermore, none o f  the previous studies describe the optimisation o f  
demand defrost controls or the optimum time to term inate defrosts.
Transport refrigeration systems are required to operate over a broad temperature 
range to transport fresh and frozen produce such as asparagus and broccoli at 0°C 
and beef, lamb and pork at -20°C. W ith such a diverse temperature range the type o f  
frost formation will vary w ith set-point temperature. M oreover, these systems are 
required to operate in all types o f  ambient environments from the cold Scandinavian 
countries o f  -30°C and lower in the winter season, to the warm  climates o f  +40°C 
found in southern Europe.
Therefore, this TRS Defrost sets out to; i) examine the performance o f  transport 
refrigeration systems at typical fresh and frozen set-point temperatures and the 
effects o f  the various frost types on the dynamic behaviour o f  the system, ii) profile 
the dynamic performance o f  the system during hot gas defrost cycles, iii) assess the 
demand defrost strategies used for initiation and term ination o f  defrost cycles and 
development o f new enhanced defrost controls, iv) investigate the impact o f  higher 
compressor speeds and throttle pressure settings and v) the application o f  a 
numerical model for reliable prediction o f  compressor volum etric efficiency, which 
is then employed to estimate the heat generated by the compressor during defrosting. 
The next chapter describes the experimental test facility designed and built to 
achieve these objectives including; the transport refrigeration system, refrigerated 
compartment, instrumentation and data acquisition and control system.
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Chapter 3 Experimental Test Facility and Procedure
This chapter provides a detailed description o f  the experimental test facility that 
consisted o f  the SL200e transport refrigeration system, refrigerated compartment, 
calorimeter and endurance test cells, instrumentation, data acquisition and control 
system. Instrumentation employed to m onitor system performance ranged from 
temperature, pressure, velocity, and flow rate sensors. A  description o f  the data 
acquisition and control system and its capacity to assume control o f  the refrigeration 
system during the development o f  enhanced defrost control strategies is also 
presented. The final part o f this chapter outlines the experimental procedure 
followed during testing to ensure consistency and repeatability between tests.
3.1 SL200e REFRIGERATION SYSTEM AND SYSTEM CONTROL
This section describes the SL200e refrigeration system employed in this TRS Defrost 
study and the control algorithms used to m aintain the desired set-point temperature 
within the refrigerated compartment. The controls used by the SL200e system to 
initiate and terminate demand defrost cycles are also outlined.
3.1.1 SL200e Transport Refrigeration System
Although the test procedure and m ethodology is designed to be generic, 
development and characterisation work was perform ed on Thermo K ing’s SL200e 
transport refrigeration system, Figure 3.1. The SL200e transport refrigeration system 
is a diesel or electric standby powered, temperature-controlled system designed for 
refrigerated trailer applications.
Figure 3.1 - Front and side views o f the SL200e single compartment transport refrigeration system
(Thermo King SL200e specification, 2007).
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The refrigeration system is m ounted to the front o f the refrigerated compartment 
with the evaporator coil protruding into the compartment. The direct injection diesel 
engine used to drive the refrigeration system is rated at 21.3 kW  and operates at high 
and low speeds o f  1900 rpm  and 1450 rpm  respectively. The electric motor is rated 
at 9.3 kW  and operates at 1450 rpm  (Thermo King SL200e specification, 2007). The 
Thermoguard M icroprocessor controller (TG-VI) automatically controls the 
operation o f  the system. The SL200e refrigeration system is fitted w ith a lightweight 
aluminium alloy, four-cylinder reciprocating compressor with a displacement o f  424 
cm 3 while the refrigeration system is charged w ith 6.35 kg o f  refrigerant R404a. The 
discharge volumetric airflow on high-speed engine operation is 1.389 m 3/s (5000 
m 3/hr) at 0 Pa static pressure while the discharge air velocity into the refrigerated 
compartment is 17 m/sec (Thermo King SL200e specification, 2007).
The SL200e refrigeration system is fitted with a finned tube evaporator coil 
constructed from aluminium fins and copper tubes. The copper tubes have a 
diameter o f  9.5 mm. The evaporator coil consists o f 14 individual circuits aligned in 
series, 8  rows deep in the air flow direction, a fin spacing o f  7 fins per inch and a 
square face area o f  0.497 m  , Figure 3.2.
Eva po rat i
(discharg
8 
7 
6
Rows 5 
4
3
2
1
Evaporator air outlet airflow (return air flow)
Figure 3.2 - Side view o f the SL200e evaporator coil showing the airflow direction through the coil, 
the 14 individual coil circuits and 8 rows deep in the air flow direction.
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A  shaft driven fan circulates air over the evaporator coil with a discharge air velocity 
o f  17 m/s. The net cooling capacity o f  the SL200e refrigeration system at 30°C 
ambient air temperature measured according to “The Agreem ent on the International 
Carriage o f  Perishable Foodstuffs and on the Special Equipm ent to be Used for such 
Carriage” (ATP) conditions is presented in Table 3.1.
Table 3.1 - Measured cooling capacity o f the SL200e refrigeration system at 30°C ambient air 
temperature (Thermo King’s SL200e specification, 2007).
Return Air To Evaporator 0 Degrees C -20 Degrees C
Cooling capacity on engine power (W) 13,000 7,700
Cooling capacity on electric stand-by (W) 9,200 6,100
3.1.2 SL200e Compartment Temperature Control
The SL200e refrigeration system controls the compartment set-point temperature 
based on the temperature measured by the evaporator air inlet temperature sensor 
(EAIT). Figure 3.3 shows the SL200e refrigeration system pulling down on cool 
mode from an initial compartment temperature o f  25°C to the desired compartment 
set-point temperature o f  0°C.
T im e ,t(s )
Figure 3.3 - SL200e system during pull down and maintaining a set-point temperature o f  0°C.
W hen the evaporator air inlet temperature reaches the “Lower Control Lim it A ” the 
system switches to heat mode. The system remains on heat until the evaporator air
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inlet temperature reaches the “Upper Control Limit B ” at which point the system 
returns to cool m ode operation. The system continues to alternate between cool and 
heat modes to maintain the desired com partment temperature. A t the 0°C set-point 
temperature the evaporator air inlet temperature ranged from -0 .1°C to + 1 .9°C.
3.1.3 SL200e Demand Defrost Control Algorithms
The SL200e refrigeration system activates a demand defrost when a predetermined 
temperature differential exists between the evaporator air inlet temperature (EAIT) 
and evaporator coil temperature (EMMT) or the evaporator air outlet temperature 
(EAOT) and evaporator coil temperature (EMMT). The tem perature differential 
governing initiation o f  demand defrosts is dependent on the evaporator air inlet 
temperature as indicated in Table 3.2. I f  the evaporator air inlet temperature 
measures 0°C then a demand defrost will not be triggered until the temperature 
difference between EAIT and EM M T (or EAOT and EM MT) exceeds 13.3°C.
Table 3.2 - Current demand defrost initiation control algorithms for the SL200e based on the 
evaporator air inlet temperature (Thermo King Defrost specification, 2002).
Evaporator Air Inlet Temperature (EAIT) SL200e Demand Defrost Initiation.
(°C) (Max. value AT EAIT-EMMT, AT EAOT-EMMT)
>15.6 >17.8
7 .2 < R A <  15.6 > 15.6
-3.9 < R A < 7.2 > 13.3
-17.8 < R A < -3.9 > 11.1
R A <-17.8 >8 .3
The evaporator coil temperature m ust be below +7°C before defrost cycles can be 
initiated. Demand defrost cycles are typically initiated based on the temperature 
differential between the EAIT and EMMT. In the event o f  failure o f  the evaporator 
air inlet temperature sensor, the SL200e will control on the evaporator air outlet 
temperature sensor and consequently trigger demand defrost cycles based on the 
temperature differential between the EAOT and EMMT. Defrost cycles are 
terminated once the evaporator coil temperature sensor reaches 13.4°C. I f  defrost 
cycles are not terminated within the defrost duration tim e limit (DDUR), which can 
be set for either 30 or 45 m inutes the microprocessor will automatically terminate 
the defrost cycle. Defrost controls are identical for diesel and electric operation and 
have priority over compartment temperature control.
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3.2 EXPERIMENTAL TEST FACILITY
3.2.1 Refrigerated Compartment and Climate Condition
This section provides a detailed description o f  the refrigerated compartment used in 
this TRS Defrost study and the calibration o f  this com partment to establish its rate o f  
heat transfer. A  description o f the steam hum idifier employed to generate the 
m oisture content w ithin the refrigerated com partment is also presented.
3.2.1.1 Refrigerated Compartment
The refrigerated com partment was designed to m im ic the performance o f  a typical 
truck/trailer compartment as shown in Figure 3.4. The SL200e refrigeration system 
is designed for a refrigerated compartment know n as a “Reefer” w ith internal 
dimensions 13.4 m long, 2.24 m  wide and 2.34 m  high. The internal dim ensions o f 
the refrigerated com partment used in this TRS Defrost study were 4.4 m long, 2 m 
wide and 2.2 m  high w ith an internal volum e o f 19.36 m 3. Therefore the refrigerated 
compartment was approxim ately 1:3.6 the scale o f  a typical Reefer. The refrigerated 
compartment has an entrance door measuring 0.8 m  wide and 1.89 m  high. The 
refrigerated com partment was constructed from 100 mm  thick high-density (40 
kg/m2) polyurethane foam  panels with galvanised steel and a white PVC coating 
(Apex Controls Ltd., 2003). Each o f  the panels had a thermal resistance o f  0.195 
W /m2K  and a thermal conductivity o f  0.0188 W /m K  (Apex Controls Ltd., 2003). 
The operational temperature range for the refrigerated compartment was from  -30 to 
60°C. The floor panels are coated with a 2 mm  thick non-slip PVC material ensuring 
safe movement o f  personnel within the compartment.
A  twin fluorescent light (2 x 200 W) was installed on the ceiling o f  the refrigerated 
compartment to allow a visual study o f  the evaporator coil frosting and defrosting 
processes. The crevices between wall, floor and ceiling panels were sealed w ith a 
white silicone sealer to minim ise water seepage into the panels. The refrigerated 
compartment was constructed on a mobile steel support framework to facilitate 
m ovement between test cells. Before testing commenced the refrigerated 
compartment heat transfer rate was determined using the Calibration o f  Calibrated- 
Box Method defined by The Air-Conditioning and Refrigeration Institute (ARI) 
Standard 1110-2001 (ARI, 2001).
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Figure 3.4 - SL200e Transport Refrigeration System mounted to the Refrigerated Compartment
To establish the heat transfer coefficient from the refrigerated compartment it was 
connected to the refrigeration system and positioned in the Calorimeter test cell 
(described in section 3.2.4) in Thermo K ing’s Research and Development Centre. 
Two electric heaters were used to generate and m aintain the desired steady state 
temperature conditions w ithin the compartment. The m aximum heat output from 
each individual heater was 3600 W, while each heater was equipped with a 20 W  fan 
to circulate air throughout the refrigerated compartment. The temperature 
differential between the internal compartment temperature and ambient temperature 
was maintained at 47.1°C. Once steady state conditions were satisfied temperature 
readings were recorded over a 3-hour period. Heat leakage from the compartment 
was equal to the total electric pow er consumed by the electric heaters and circulation 
fans. The power consumed by the heaters and their respective fans was measured by 
using a W att-hour m eter from Scientific Columbus with an accuracy o f  ±0.5%. The 
heat transfer coefficient was evaluated using:
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K rc = ---------- ^ -----------------------------------------  (3.1)
A (T —T }rc Vx  rc,a amb,a '
Where:
Pr = Power input from the heaters and fans, (W)
Arc = M edian surface area o f  the entire refrigerated compartment, (m )
Tre,a = Compartment air temperature, (°C)
Tamb,a = Ambient air temperature, (°C)
2 \Krc = Heat transfer coefficient for refrigerated compartment, (W /m K)
The entire compartment structure had a K-Value o f  0.42 W /m  K, Appendix A.
3.2.1.2 Steam Humidifier
A Carel hum idifier (SD305C0) was used to generate the moisture content w ithin the 
refrigerated compartment during testing as shown in Figure 3.5. The hum idifier has 
a microprocessor to control and display the functions o f  the unit. This hum idifier 
employs 3 electrodes located within a steam cylinder to produce the steam. W hen 
the unit is activated, electric current flows through the water between the electrodes. 
The minerals in the w ater provide both the conductance and resistance for electric 
flow, thus producing steam (Carel, 2002). The hum idifier has a nominal steam 
production rate from 1.5 to 5.0 kg/hr and a m anufacturer specified accuracy o f  ±5%.
Steam Distributor Pipe
Steam Host
m ld if ie r  m o u n te d  
s t i l t e d  C o m p a r t m
Figure 3.5 - CAREL steam humidifier mounted outside the compartment and steam distribution pipe.
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The thermistors have a conservative manufacturer specified accuracy o f  ±0.2°C over 
the temperature range 0°C to 70°C and ±0.3°C outside this temperature range 
(Betatherm, 2002). The fast response brass probes used in this study are Negative 
Temperature Coefficient (NTC) devices w ith a resistance o f  2252 ohms at 25°C. The 
thermistors were purchased unassembled to ensure they would not be damaged when 
the brass housings were being soldered into the 2  mm  diameter holes on the circuits 
o f  the evaporator coil. W hen the brass housings were soldered in position a therm al 
paste was applied to the thermistors and they w ere inserted in the housing. A  silicone 
sealer was used to seal the therm istor from the am bient environment and hold it 
firmly in position. As indicated in Figure 3.6 the inlet refrigerant temperature was 
measured on circuits 1, 7, 12 and 14, w hile refrigerant outlet temperature was 
measured on all fourteen circuits and at the m idpoint temperature on circuit 7.
A  complete inventory o f  all 56 type-T therm ocouples deployed to m onitor system 
temperatures is presented in Table 3.3 accompanied by their reference acronyms.
Table 3.3 - List o f  thermocouples on the experimental test rig including their location and acronyms.
Thermocouples measuring function Sensor Name Figure
Ambient air temperatures surrounding refrigerated compartment Amb 1 - 4 N/A
Refrigerated compartment air temperatures ZAMT 1 - 9 Fig. 3.11
Evaporator coil surface temperatures EMMT 1 - 8 N/A
Evaporator coil air inlet temperatures EAIT 1 - 8 Fig. 3.11
Evaporator coil air outlet temperatures E A O T1 - 6 Fig. 3.11
Compressor refrigerant outlet temperature PGOT Fig. 3.9
Compressor refrigerant inlet temperature PVIT Fig. 3.9
Tliree way valve refrigerant outlet temperature TGOT Fig. 3.9
Condenser coil refrigerant inlet temperature CGIT Fig. 3.9
Condenser coil refrigerant outlet temperature CLOT Fig. 3.9
Receiver tank refrigerant outlet temperature RLOT Fig. 3.9
Heat exchanger refrigerant inlet temperature (liquid line) HLIT Fig. 3.9
Heat exchanger refrigerant inlet temperature (suction line) HVIT Fig. 3.9
Heat exchanger refrigerant outlet temperature (suction line) HVOT Fig. 3.9
Expansion valve refrigerant inlet temperature XLIT Fig. 3.9
Ilot gas line refrigerant temperature (distributor inlet - hot gas cycle) HGIT Fig. 3.9
Evaporator coil refrigerant outlet temperature EVOT Fig. 3.9
Accumulator tank refrigerant inlet temperature AVIT Fig. 3.9
Accumulator tank refrigerant outlet temperature AVOT Fig. 3.9
Accumulator tank refrigerant temperature - bottom surface AVMT N/A
Distributor gas inlet temperature (cool cycle) DGIT N/A
Condensate temperature during defrost WLOT N/A
Evaporator air inlet temperature at humidity sensor EAIH EAIT RH Fig. 3.11
Evaporator air outlet temperature at humidity sensor EAOH EAOT RH Fig. 3.11
Ambient air temperature surrounding accumulator tank A A A T 1 -2 N/A
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Thermocouples employed to m easure air temperatures include:
• 8  measuring the evaporator inlet
• 6  m easuring the evaporator outlet
• 9 to record the refrigerated com partment internal and
• 4 to record the ambient
The location o f  all thermocouples used to measure refrigerant temperatures at the 
inlet and outlet o f  prim ary refrigeration system components such as the compressor, 
condenser, heat exchanger and evaporator coil is shown in Figure 3.7. Each 
thermocouple was strapped and insulated to the copper piping.
Figure 3.7 - Location o f thermocouples measuring refrigerant temperatures throughout the
refrigeration system.
A  Rototherm digital thermometer w ith a measurem ent range from -50°C to +200°C 
and a calibrated accuracy o f  ±0.15°C was used to calibrate all thermocouples and 
thermistors (Rototherm, 2000). All therm ocouples m easuring air temperatures were
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calibrated at intervals o f  10°C, from -20°C to +60°C. The rem aining thermocouples 
were calibrated at intervals o f  10°C, from -20°C to +80°C. Each therm ocouple had a 
minimum measurement accuracy o f  ±0.45°C over the calibrated tem perature range 
(99.7% confidence level, k=3).
The three temperature sensors employed by  the refrigeration system to m onitor and 
control the system; the evaporator air inlet (return), evaporator air outlet (discharge) 
and evaporator coil temperature sensors w ere also connected to the data acquisition 
system. The analog output signals from these sensors were configured so the data 
acquisition system observed the same temperature readings as the refrigeration 
system microprocessor. The refrigeration system controls com partment set-point 
temperature based on the temperature measured by the return air tem perature sensor.
3.2.2.2 Pressure Measurement
Refrigerant pressures w ere measured at 6  locations on the refrigeration system. Four 
Thermo King pressure transducers were used to measure compressor discharge, 
throttling and suction pressures and the hot-gas line pressure im mediately after the 
three-way valve, Figure 3.8. The discharge and hot gas line pressure transducers had 
a measurement range from 0-500 psig, while the throttling and suction pressure 
transducers had a range from 0-200 psig. All o f  the aforementioned transducers had 
a 0.25-4.75 Vdc analog output signal and required 5 Vdc excitation (Thermo King, 
1995). A  Druck pressure transducer (PTX-1400) was used to measure refrigerant 
pressure on inlet circuit 1 o f  the evaporator coil, Figure 3.6. This pressure transducer 
had a range from 0-363 psia (25 bar) and a 4 -2 0  m A  output signal (Druck 2000). An 
Omega differential pressure transducer (PX81D-200DV) was used to measure 
refrigerant pressure drop across the evaporator coil. This transducer had a 
differential pressure range o f  200 psid w ith a 3 mV/V output (Omega Engineering, 
2000). Both evaporator pressure transducers w ere powered w ith 13.8 Vdc.
All pressure transducers were individually calibrated using the Superb Pressure 
Calibrator (PCC3 H-200-5). This calibrator had a m easurem ent range from 0-200 
bar and an accuracy o f  ±0.05%  for its complete scale (SI Pressure Instruments, 
1992). Each pressure transducer has a calibrated accuracy between ±0.25%  for its 
entire range (99.7% confidence level, k=3).
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Figure 3.8 - Location o f pressure sensors and refrigerant flow meters on the refrigeration system.
3.2.2.3 Relative Humidity Measurement
The evaporator air inlet and outlet relative hum idity was monitored using two 
Vaisala hum idity probes, Figure 3.9. The hum idity probes have a measurement 
range from 0.8% to 100% RH w ith an output scale o f  0-100%  RH equivalent to 0-1 
Vdc (Vaisala, 2003). Both hum idity probes were calibrated at a  low and high 
reference humidity o f  35% and 80% RH respectively using non-saturated salt 
solutions. The salt solutions were UKAS certified w ith an accuracy o f  ±1.2%  RH 
(95% confidence level, k=2) and sourced from Rotronic, (Rotronic, 2005). 
Calibration results for the hum idity probes are presented in  Table 3.4.
Table 3.4 - Relative humidity sensor calibration results.
Relative Humidity Sensor Sensor reading Reference value Difference (%)
EAIH 35.2% 35% 0.2%
EAIH 80.8% 80% 0.8%
EAOH 35.1% 35% 0.1%
EAOH 80.8% 80% 0.8%
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Figure 3.9 - Cross sectional view o f the test facility showing relative positions o f  refrigeration 
system, compartment and measurement sensors.
3.2.2.4 Air Velocity Measurement
The discharge air velocity to the refrigerated compartment was measured using 
three A hlbom  rotating vane anemometers, Figure 3.9. Two o f the rotating vane 
anemometers (FVA915S140) had a 22 mm  diameter head and a velocity range from 
0.4-40 m/s (Almemno, 2003). The third vane anem ometer (FVA915SM A1) had a 
80mm diameter head and a velocity range from 0.14-20 m/s (Almemno, 2003). The 
vane anemometers provided a frequency output proportional to the measured air 
velocity. All vane anemometers w ere individually calibrated in a wind tunnel where 
the airflow was laminar against the A irflow AV-2 rotating vane anemometer. The 
AV-2 rotating vane anemometer had a minimum accuracy o f ±1%  o f the displayed 
reading and a resolution o f  0.01 m/s (Airflow, 1997).
3.2.2.5 Refrigerant Flow Rate Measurement
The refrigerant mass flow rate was m easured on the discharge line o f  the compressor 
using the Promass 83e Coriolis m ass flow meter from Endress and Hauser, PGOM 
in Figure 3.8. The Coriolis flow m eter had a gas flow range from 0-3600  kg/hr with 
a calibrated accuracy o f  ±0.35%  (Endress and Hauser, 2004) and delivered 4—20 mA 
analog output signal proportional to the measured mass flow.
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The refrigerant volum etric flow rate was measured using a V ortex In-Line Flow 
meter (VXW -10G) from Aalborg. The Vortex flow m eter was fitted on the 
compressor suction line, PVIV in Figure 3.8 and had a flow range from 13.2-515 
m 3/hr with a calibrated accuracy o f  ±0.5%  over the entire flow range (Aalborg, 
2005). This flow meter also delivered a 4-20 m A  analog output signal proportional 
to the measured volumetric flow rate. A  high precision 250 Q. resistor was placed 
across the signal wires from both the Coriolis and Vortex flow meters to generate a 
1-5 Vdc output signal.
3.2.2.6 Fuel Consumption Measurement
The Danfoss M assflo 3100 Coriolis flow m eter was employed to measure the fuel 
consumption o f  the refrigeration system during testing. The M ass 3000 signal 
converter was used in  com bination with the Mass 2100 -  DI 1.5 mm sensor to 
provide a real-time volum etric fuel reading. This m eter has a mass flow measuring 
range from 0 to 65 kg/hr and a density measuring range from 100 to 2900 kg/m 3 
(Danfoss, 1997). The accuracy o f  the flow m eter is proportional to the mass flow 
rate and can be evaluated for any flow rate using equation 3.2, (Danfoss, 1997). For 
the volumetric flow readings m easured during testing o f  2.2 1/hr and 3.6 1/hr 
equation 3.2 revealed that the error ranged from ±0.16%  to ±0.18%.
The mass o f  m elt rem oved during each defrost cycle was m easured using a load cell 
from Cooper Instruments and Systems, model LTW 652-150. The load cell had a 
0-68 kg range and a 3 m V/V  output proportional to the measured mass (Cooper 
Instruments and Systems, 2000). A  flat steel frame was constructed and m ounted 
centrally on the vertical axis o f  the load cell for placem ent o f  a plastic basin for m elt 
collection as shown in Figure 3.10. The load cell was calibrated against a reference 
scales (Spider II weighing scales) w ith a calibrated accuracy o f  ±0.1 kg.
^ qm ) (3.2)
Where: E = Error %,
Z =  Zero point error [kg/hr] (M ax zero point error = 0.002) 
qm  = M ass flow [kg/hr]
3.2.7 Mass of Melt Measurement
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Figure 3.10 - Mass o f melt measurement system.
3.2.2.8 Capturing Visual Images of the Frosting and Defrosting Process
The Samsung Digimax A503 digital cam era was used to take photographs at set time 
intervals o f  ice and lrost accumulation on the evaporator coil. The Samsung Digimax 
A503 is a 5.0-megapixel-resolution camera w ith a 2.0-inch LCD monitor. Visual 
access to the evaporator coil was facilitated b y  replacing the steel panels o f  the 
production SL200e refrigeration system with 6  m m  thickness transparent 
polycarbonate panels as shown in Figure 3.11.
Transparent 
poly-carbonate 
panels outlined 
in red
Evaporator Coil
Evaporator air inlet flow
Figure 3.11 - Transparent panels used to allow a visual study o f  the evaporator coil frosting and
defrosting process.
48
Chapter 3 Experimental Test Facility and Procedure
3.2.3 DATA ACQUISITION AND CONTROL SYSTEM (DAQ)
W hile the previous section described the instrum entation employed this section 
details the data acquisition and control system (DAQ) used to monitor and record 
data from the 92 sensors used. The DAQ system was also required to take control o f 
the refrigeration system during the execution o f  new defrost control algorithms. As 
indicated in Figure 3.12 the data acquisition system consisted o f  a computer, data 
acquisition chassis, analog input modules and an excitation module, terminal blocks, 
data acquisition boards, Fluke NetDAQ and data acquisition software.
3.2.3.1 Computer
The data acquisition system was built around a Dell Optiplex GX280 computer with 
an Intel Pentium 4, 2.8 GHz processor and 512 MB DDR2 RAM. This computer had 
an 80GB hard drive, CD-RW  and floppy drives. It also had 3 PCI slots used to 
accommodate the National Instruments PCI-6023e and PCI-6601 boards, 6  USB 2.0 
ports and 1 serial port. The operating system software was M icrosoft W indows XP 
Professional.
49
Chapter 3 Experimental Test Facility and Procedure
3.2.3.2 SCXI-1000 Chassis
The National Instruments (NI) SCXI-1000 is a four slot SCXI chassis used to house 
all National Instruments SCXI modules. The chassis supplies a low noise 
environment for signal conditioning, supplying pow er and control circuitry for the 
modules (National Instruments, 1997a).
3.2.3.3 Analog Input Modules and Terminal Blocks
The National Instruments SCX I-1102 module is designed for signal conditioning o f  
thermocouples, low-bandwidth volt and milli-volt sources, 0 to 20 m A  and 4 to 20 
m A current sources (National Instruments, 1997b). This module has 32 differential 
analog input channels and one cold-junction sensor. Each individual channel has a 
three-pole low pass filter w ith a 2 H z cut-off frequency to reject 60 Hz noise
(National Instruments, 1997b). Three SCX I-1102 modules were used for the
measurement o f  analog input signals from 19 im m ersion thermistors, 38 
thermocouples, 6  pressure transducers, 2 hum idity probes, the load cell, Promass 83e 
coriolis flow meter, vortex in line flow meter, Danfoss fuel flow meter and signals 
from the refrigeration system sensors including the return and discharge air and 
evaporator coil temperature sensors, defrost indicator, cool and heat cycle indicator 
and engine speed sensor. The SCX I-1102 modules were positioned in slots 1, 2 and 
4 o f  the SCXI-1000 chassis. Three SCX I-13 03 isothermal terminal blocks were used 
as the interface between the sensors and the SCX I-1102 modules. A  list o f  all 
sensors and the data acquisition device and channel to which the relevant sensor is 
connected is presented in Appendix D.
3.2.3.4 Current Excitation Card and Terminal Block
The SCXI-1581 module, which was also housed in the SCXI-1000 chassis, was used 
to provide current excitation for the immersion thermistors. The current sources are 
designed to be accurate to w ithin ±0.05%  o f the specified value with a temperature 
drift o f  no m ore than ±5 ppm/°C (National Instruments, 2001). The SCXI-1310 
connector and shell assembly was used as the interface between the sensors and 
SCXI-1581. Field w iring from the immersion thermistors was connected to lOOpA- 
excited channels on the terminal block o f  the SCXI-1102. Combined together the 
SCX I-1102 and SCXI-1581 created the m easurem ent system for the immersion 
thermistors.
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3.2.3.5 Data Acquisition Boards
Two data acquisition boards were used, the N IPC I-6023E  and the NI PCI-6601. The 
N I PCI-6023E data acquisition board was used to continuously scan the channels o f  
the three SCXI-1102 modules at high rates and accurately digitise the signals from 
these modules. This card has a 12-bit resolution and a m axim um  sampling rate o f  
200 kS/s (National Instruments, 2006). The PCI-6601 is a tim ing and digital I/O 
device, which was inserted into the PCI bus o f  the computer. The counter/timer 
channels have m any measurem ent generation modes such as event counting, time 
measurement and frequency measurement (National Instruments, 1999). The PCI 
6601 was used for frequency measurement o f  signal outputs from the three rotating 
vane anemometers. It was also used to send digital output signals to relays 
controlling the transport refrigeration system during the testing o f  enhanced demand 
defrost controls.
3.2.3.6 Fluke NetDAQ
A  Fluke Networked D ata Acquisition Unit (NetDAQ) was employed w ith the 
National Instruments data acquisition system to m onitor 18 type-T  thermocouples. 
This system was used to  provide additional data acquisition capacity to the NI 
system. The NetDAQ unit has the capacity to measure voltages, resistances, 
temperature, frequency and current while Fluke’s built-in proprietary signal 
conditioning capability eliminates the need for external conditioning modules 
(Fluke, 1994). All thermocouples were wired directly into the fluke universal input 
module, which was inserted at the rear o f  the NetDAQ unit. The NetDAQ unit was 
connected to the Thermo King network via an ethem et cable. The computer utilised 
as part o f  the data acquisition system is also connected to the Thermo King network. 
The high-speed communication network allowed data from the NetDAQ unit be 
monitored in real-time.
3.2.3.7 Data Acquisition and Control Software
National Instruments Lab V IEW  7.1 software was used for signal acquisition and 
measurement analysis. Lab VIEW  7.1 is a graphical programm ing language that uses 
icons to create applications. A  user interface known as the front panel was created 
using a set o f tools and objects. The desired code was then added using graphical
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functions in the block diagram to control the objects on the front panel. National 
Instruments M easurement & Automation Explorer (MAX) was used for the 
configuration o f  the SCXI modules. Once configured virtual channels were created 
for each sensor connected to the SCXI modules. The creation o f  a virtual channel 
involved the selection o f  a sensor name, an analog signal for instance voltage or 
current specification o f  an output range, scaling where necessary and the assignment 
o f  a specific channel.
Figure 3.13 presents a screen shot o f  the front panel o f  the Defrost data acquisition 
program. The first column on the left o f  the screen shot titled “Therm istors” shows 
the evaporator coil refrigerant inlet and outlet temperatures m easured by  all 
im m ersion thermistors. The second column from the left titled “Therm ocouples” 
shows temperatures measured by thermocouples for the evaporator air inlet and 
outlet, evaporator coil surface, am bient air and air adjacent to both humidity sensors.
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Figure 3.13 - Front panel o f  the data acquisition system monitoring and control program.
In the third column the refrigeration system pressures, discharge air velocities and 
readings from the refrigeration system sensors are all being measured. On the right 
hand column the function o f  the T-Log button was to set the tim e interval between
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successive scans o f all channels. In this case the logging interval was set at 15 
seconds in contrast to the 15 minute logging interval that field data is typically 
recorded at. The “Log” button initiated the data logging process w hile the “STOP” 
button stopped the Defrost data acquisition program. The greyed “Graph” button 
provided an option to plot a graph o f  data logged for up to 6 o f  the 92 sensors being 
logged. The “Save” button allowed a text description o f  any particular event or 
change to be entered and saved, which would then show up on the excel log file at 
the time the event occurred. The “T adjust” button allowed the user access to another 
screen where calibration constants derived during the calibration process could be 
entered. The “Control” , “Set-point” and “Frost Set” buttons are described in details 
in Section 3.3 as these were developed to implement and execute enhanced demand 
defrost control algorithms. The second panel on the Defrost data acquisition program 
presents a schematic o f  the refrigeration system and location o f  thermocouples, 
which were fixed to copper piping o f  the refrigeration system to measure refrigerant 
temperatures at the inlet and outlet o f  the primary system components, Figure 3.14.
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Figure 3.14 - Defrost data acquisition system secondary panel monitoring refrigerant temperatures.
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A “Calibration” program was created as a sub program on the Defrost data 
acquisition program. A screen shot o f  the calibration program is presented in Figure 
3.15. The “User entry” space allowed the user to input a reference value, taken from 
a device with a known accuracy. The sensors to be calibrated can be selected from 
the pull down menus on the right o f  the screen shot. The data acquisition program 
automatically captures the output from the selected sensors. W hen the user decides 
to save a calibration point the “ Save point” button is pressed. W hen calibration is 
complete the “Save file” button is pressed to log all the data to an excel file.
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Figure 3.15 - Calibration program developed for the calibration o f all sensors utilised.
3.2.4 TEST ENVIRONMENT
The Calorimeter Test Cell was constructed at Thermo King Europe’s, Research and 
Development Centre, Galway and measures 17.5m in length, 4.5m in width and 4m 
in height, with 150mm thick insulated sidewalls and ceiling panels. Temperature 
control within the calorimeter room  is provided by the main cooling system that 
consists o f four compressors with a combined capacity o f  120kW, a 164kW single 
condenser coil located externally and four evaporator coils with a combined capacity 
o f  64kW  as shown in Figure 3.16. Three axial fans positioned above the chambers 
false ceiling are used to circulate air throughout the cell. The Calorimeter test cell is 
capable o f  simulating environmental air temperatures within the range -30°C to 
+50°C. The Calorimeter test cell provided a controlled ambient temperature o f 
-0.4°C during the calibration o f  the refrigerated compartment.
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Figure 3.16 - Cross sectional view o f the test facility employed to determine the heat transfer rate for 
the refrigerated compartment using the Calibration o f the Calibrated Box Method.
W hile defrost testing at lower ambient temperatures (+15°C) was carried out in  the 
Calorimeter test cell, defrost testing at higher am bient temperatures (+30°C) was 
conducted in the Endurance Test Cell. The Endurance test cell in Thermo K ing’s 
Research and Development Centre is used for reliability and accelerated life testing 
o f  their truck and trailer transport refrigeration systems. The Endurance test cell 
measures 27 m  long x 11 m  wide while the air tem perature within this room 
typically ranges from +27 to +33°C. The air temperature within this cell can be 
partially controlled by varying the volum e o f  air circulated through the room  via two 
3 kW  extraction fans.
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3.3 EXECUTION OF ENHANCED DEMAND DEFROST CONTROLS
3.3.1 Compartment Set-point Temperature Control through the DAQ System
To facilitate the implementation of enhanced demand defrost control algorithms the 
TRS Defrost data acquisition system had to not only monitor, but also control the 
refrigeration system. The first control introduced was the compartment set-point 
temperature. As outlined in section 3.1.2  the evaporator air inlet temperature sensor 
is used to control the compartment set-point temperature. The control sequence 
described in section 3.1.2  was utilised by the TRS Defrost DAQ system to control 
the set-point temperature, Figure 3.17.
Figure 3.17 - U ser defined Upper and Lower lim its for the evaporator air in let temperature em ployed  
to m aintain the desired compartment set-point temperature.
The set-point control algorithms were accessed through the “ Set-point”  button on the 
front panel o f the DAQ as shown in Figure 3.13 . Assuming the desired set-point 
temperature is lower than the initial compartment temperature the refrigeration 
system will operate on cool mode until it reaches “Lower Control Limit A ” which in 
this case was 0.1 °C. Upon reaching this lower limit the refrigeration system switches 
to heat mode and remains on heat until “Upper Control Limit A ” is reached at which 
point the refrigeration system returns to cool mode. The system alternates between 
cool and heat modes to maintain the desired set-point temperature. The DAQ system 
will control compartment set-point temperature when the “ Control”  presented in 
Figure 3 .13  is activated and stop controlling when de-energised.
Setpoint Temperature
OK
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3.3.2 Demand Defrost Control through the DAQ System
This section describes the utilisation o f the data acquisition and control system to 
execute enhanced demand defrost controls during the development and optimisation 
stages. As outlined in section 3.1.3 the SL200e refrigeration system currently uses 
two temperature sensors to initiate a demand defrost cycle. The evaporator air inlet 
temperature sensor as well as controlling compartment set-point temperature is also 
used as part o f the demand defrost initiation controls for the Reference Defrost 
Controls (RDC) presently employed by SL200e refrigeration systems. The EAIT 
serves as a reference since the evaporator air inlet temperature does not fluctuate 
with frost growth on the evaporator coil. The evaporator coil temperature sensor 
(EMMT) is also used as part o f demand defrost initiation controls. As frost 
accumulates on the evaporator coil this temperature decreases (as results in sections
4.1.3 and 4.2.3 will show). Consequently, the temperature differential between EAIT 
and EMMT increases providing a definite and accurate means o f indicating the 
presence o f frost build-up, which allows the system controller to trigger a demand 
defrost cycle. A  similar method was utilised by the TRS Defrost DAQ system to 
control defrost cycles. However, the significant advantage o f executing defrost 
cycles through the TRS D efrost DAQ system was that any sensor monitored by the 
DAQ system could be used to initiate and terminate defrost cycles. Furthermore, any 
logical value could be entered into the defrost control sequence presented in Figure
3.18 to initiate and terminate defrost cycles.
Defrost Settings 
EAIT-EMMT to start j
$ * • 3  J
EMMT >  to stop
13.4
>
Damper delay (sec)
—  T
High Speed delay (sec)
■ P 5  J " '
OK I
Figure 3.18 -  U ser interface o f  the TRS Defrost DAQ system  w hich  allow s the user to define the k ey
control parameters for dem and defrost cycles.
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When a set o f control conditions are determined for a demand defrost cycle they are 
entered into the defrost control sequence. To activate a demand defrost cycle through 
the TRS Defrost DAQ system “Control C” is used. In the example shown in Figure
3.18 a demand defrost is triggered when the user defined temperature differential 
between EAIT and EMMT reaches 13.3°C. A  combination o f temperature sensors 
monitored by the data acquisition system and capable o f detecting the presence of 
frost build-up can be used by “Control C” to initiate a demand defrost allowing the 
user complete flexibility. Any individual sensor monitored by the data acquisition 
system can be used to terminate defrost cycles by defining an appropriate value, 
“Control D” . In the above example defrost cycles are terminated when the 
temperature measured by EMMT exceeds 13.4°C. When all the frost has melted 
from the evaporator surface and the defrost cycle concluded the damper door on the 
evaporator air outlet duct remains closed for a period, “ Control E” . This time is used 
to allow the evaporator coil return to its normal operating condition. In this instance 
the damper door will remain closed for 30 seconds. The final control “ Control F” 
was used to dictate how much time should elapse before the refrigeration system is 
permitted to operate on high-speed (if necessary) to recover compartment set-point 
temperature after defrost termination. In the above example the control will allow 
1 2 0  seconds to elapse before the refrigeration system could switch to high-speed to 
recover set-point temperature. An internal timer on the data acquisition software was 
used to count down time for “ Controls E and F” .
When the refrigeration system was required to function on heat and defrost modes a 
5Vdc signal was sent from the PCI-6601 digital I/O device to energise a relay. Once 
the relay was energised a ground source was available thereby powering the pilot 
solenoid in turn shifting the three-way valve to direct hot gas refrigerant directly to 
the evaporator coil. During defrost cycles the TRS D efrost DAQ system also 
energised the damper module which closed the damper door while the high-speed 
solenoid was de-energised to ensure the refrigeration system operated on low-speed 
for the cycle duration.
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3.4 DEFROST EXPERIMENTAL PROCEDURE
This section describes the defrost test procedure followed during the evaluation of 
the Reference Defrost Controls (RDC) and development o f enhanced defrost control 
algorithms. These steps were carefully implemented to ensure consistency and 
repeatability between the 300 tests conducted.
• Power up the calorimeter test cell to generate and maintain the desired 
ambient air temperature. This activated the cooling system (compressors and 
condenser fans), air circulation fans for circulation of air through the 
calorimeter cell and the exhaust extraction system1.
Once the steady state ambient air temperature of +15°C  was achieved 
typically after 30 minutes, the refrigeration system was powered on at the 
system controller and the compartment set-point temperature set for +25°C 
±1°C , based on the evaporator air inlet temperature.
• When the 25°C compartment temperature was reached typically after 10 
minutes the relative humidity in the compartment was brought to 95% ±1% , 
based on the average readings from two-humidity probes located in the 
centre o f the refrigerated compartment, Figure 3.9.
• The TRS Defrost data acquisition system was activated and set to log data 
from the 92 sensors at 15  second intervals. When new defrost controls were 
being implemented through the TRS Defrost data acquisition system the 
control parameters were defined; the compartment set-point temperature 
upper and lower limits and the defrost initiation and termination controls as 
shown in the previous sections.
• After the initial refrigerated compartment conditions were satisfied the 
steam input rate from the humidifier was selected. The steam humidifier was 
usually set for a steam production rate o f 1.25 x 10 3 kg/s [4.5 kg/hr] for 0°C 
set-point temperature tests and 5.57 x 10^ kg/s [2 kg/hr] for -20°C set-point 
temperature tests.
• Then the desired compartment set-point temperature was selected on the 
TG-VI microprocessor o f the refrigeration system. This was also done even
1 The ambient temperature w as n ot controlled w hen the transport refrigeration system  w as located  in
the Endurance test cell.
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i f  the set-point temperature was being controlled by the TRS D efrost data 
acquisition system to prevent the refrigeration system activating alarms. 
During defrost the steam humidifier was automatically switched o ff (when 
the damper door closed) to prevent steam from the humidifier influencing 
defrost performance and compartment temperature.
Tests with a 0°C set-point temperature were typically run for 24 hours while 
tests with a -20°C set-point temperature were typically run for 12 hours. 
These test times were selected to obtain a minimum o f 4 successive defrosts 
during each test.
• Once a test was completed the data acquisition system, SL200e refrigeration 
system and calorimeter test cell were powered down.
Test results were then examined to analyse defrost cycle performance and 
the necessary changes made to the defrost control algorithms (Figure 3.18) 
to establish optimal defrost performance.
3.5 SUMMARY
This chapter provided a detailed account o f the experimental test facility. The 
facility is composed o f the SL200e transport refrigeration system, a standard 
commercial system, which is mounted to the front o f a purpose built refrigerated 
compartment. The chapter continues by describing the instrumentation used to 
monitor the dynamic behaviour o f the system and in the assessment and 
development of enhanced demand defrost control algorithms. The instrumentation 
ranged from temperature and pressure sensors, humidity probes, rotating vane 
anemometers, flow meters and a load cell to measure the mass of melt removed 
during defrosts. The data acquisition and control system comprised of a computer, 
analog input modules and Fluke NetDAQ to record data from the instrumentation, a 
digital I/O module to control the refrigeration system when enhanced defrost control 
algorithms were being implemented, while Lab VIEW software was used as the 
graphical interface for the data acquisition and control system. The chapter 
concluded by outlining the defrost experimental procedure followed during testing.
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While the previous chapter described the experimental test facility, instrumentation 
and data acquisition system required to control and monitor testing, this chapter 
presents the first comprehensive analysis on the effects of evaporator coil frosting 
for a transport refrigeration system. Testing was carried out for simulated fresh and 
frozen loads for the purpose o f providing benchmark data for the refrigeration 
system and to characterise the dynamic behaviour of the system when operating with 
and without the presence of frost on the evaporator surface. The main characteristics 
analysed were;
i. Discharge air velocity to the refrigerated compartment,
ii. Evaporator refrigerant temperatures,
iii. System pressures
iv. Evaporator air inlet and outlet temperatures, accompanied by the 
compartment and ambient air temperatures,
v. Relative Cool to Heat cycle durations,
vi. Logarithmic Mean Temperature Difference and
vii. Cooling load.
The compartment set-point temperature for Test #1 was 0°C while the humidifier 
was set for a steam production rate o f 1.25 x 10 ' 3 kg/s [4.5 kg/hr]. During Test #2 the 
compartment set-point temperature was -20°C and on this occasion the humidifier 
was set for a steam production rate o f 5.56 x 10 ~4 kg/s [2 kg/hr]. The majority of 
defrosting problems for the SL200e refrigeration system occur in mild climates at 
temperatures o f+ 15 °C , similar to those found in Ireland, the UK and central Europe. 
Therefore, both tests were carried out in the calorimeter test cell with a controlled 
ambient temperature o f +15°C  (±2.5°C). A  summary o f the operating conditions for 
Tests #1 and #2 is presented in Table 4.1 accompanied by an abbreviated description 
of the operating conditions.
T able 4.1 - Sum m ary o f  operating conditions for T ests #1 and #2  conducted to exam ine the im pact o f  
evaporator frosting on  refrigeration system  dynam ics.
Test No. Set-point Temperature (°C)
Ambient 
Temperature (°C)
Steam Input 
Rate (kg/s) [kg/hr]
Abbreviated test 
description
#1 0 +15 1.25 x lO '3 [4.5] T1/0°C /+15°C
#2 -20 +15 5 .56  x l O 4 [2.0] T 2/-20°C /+15°C
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4.1 IMPACT OF FROSTING AT A COMPARTMENT SET-POINT 
TEMPERATURE OF 0°C
This section presents the findings o f a 24-hour long test conducted in an external 
ambient o f +15°C  for a compartment set-point temperature o f 0°C. The steam 
humidifier was set to supply 1.25 x 10 "3 kg/s [4.5 kg/hr] o f steam over the test 
duration. However the steam supply was suspended during defrosts to ensure it did 
not influence the performance o f the defrost cycle. During the course o f Test #1 a 
total o f five demand defrost cycles were executed. As outlined in Section 3.2.2.4, the 
supply air velocity into the refrigerated compartment was measured using 3 rotating 
vane anemometers positioned at the evaporator air outlet as shown in Figure 4.1. The 
largest 80 mm diameter vane anemometer was positioned centrally.
200mm
«--------
90mm
500mm
F igu re  4 .1  - Locations o f  the three rotating vane anem om eters u sed  to m easure discharge air ve locity
into the refrigerated compartment.
The variation in the supply air velocity into the refrigerated compartment over the 
test is presented in Figure 4.2. While the duration between successive defrosts may 
vary it is clear that the discharge air velocity decreases consistently with increasing 
frost growth on the evaporator coil. Although the initiation o f defrost is not triggered 
by an air velocity sensor it is interesting to note immediately prior to the initiation of 
each defrost cycle the supply air velocity was typically 4 m/s (±0.5 m/s) as 
highlighted in the red circles in Figure 4.2.
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Time, t (hr)
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, t (s)
F igu re  4 .2  - Variation o f  the supply air ve locity  into the refrigerated compartment over the 24-hour 
test duration o f  T est #1 , for a set-point temperature o f  0°C.
The air velocity data shows that frost growth on the evaporator coil generates 
repeatable effects following each complete defrost cycle. Therefore, the data 
presented in Figures 4.4 to 4.10 focuses on different characteristics o f system 
performance as frost accumulates on the evaporator coil for the first 5 hours o f the
4.1.1 Visualisation of Evaporator Frost build-up
The rate of frost growth was monitored using a Samsung Digimax A503 digital 
camera. Photos were taken at a compartment temperature of 0°C but at the higher 
ambient temperature o f +30°C to capture the nature of the frost type at this 
condition1. For clarity these photos concentrated on the centre area o f the evaporator 
coil air inlet face outlined in Figure 4.3.
1 D ue to lim ited availability o f  the calorim eter test ce ll there w as insufficient tim e to obtain visual 
im ages o f  frost growth on the evaporator co il for an ambient temperature o f+ 1 5 °C .
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Figure 4.3 - T he centre area o f  the evaporator co il air in let face identifying w here frost grow th photos
w ere captured.
A  series o f photos are presented in Figures 4.4a to 4.4h to visually capture the rate o f 
frost growth on the evaporator surface. The first 4 visual images presented (Figures 
4.4a to 4.4d) were taken at intervals of 3,600 seconds starting at 0 seconds, while the 
remaining photos were taken at intervals o f 1,800 seconds. The evaporator coil is 
completely dry at the start o f the test as shown in Figure 4.4a. When the test time 
reached 3,600s some moisture droplets can be seen on the coil surface, however the 
coil is predominantly dry. The visual images presented in Figures 4.4c and 4.4d 
showed that the amount of moisture droplets on the evaporator coil increasing. Yet, 
there was no clear evidence of frost build-up. When the test time reached 12,600s in 
Figure 4.4e, a thin layer o f frost was evident on the lower region of the evaporator 
coil while moisture droplets were also beginning to freeze. Figure 4.4f shows an 
increase in the level o f frozen water (ice) and moisture on the evaporator surface. 
Figure 4.4g shows clearly a layer o f ice with a white surface texture on all o f the 
evaporator coil fins. When the test time reached 18,000s in Figure 4.4h, prior to 
defrost initiation the ice layer thickness had increased significantly thereby reducing 
the free airflow space between the evaporator fins. The following section 
investigates the impact o f this frost (ice) build-up on the air velocity measured at the 
evaporator air outlet duct.
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F ig u re  4 .4  - Sequence o f  photos taken o f  the frosting process for a com partm ent set-point 
temperature o f  0°C at an am bient temperature o f+ 3 0 °C .
F igu re 4 .4a  - T est tim e 0 seconds F igu re 4 .4 b  - T est tim e 3 ,600  seconds
F igu re  4 .4 c  - T est tim e 7 ,2 0 0  seconds F igu re 4 .4 d - T e s t  time 10,800 seconds
t l H M V I f f . r
F igu re 4 .4 e  - T est tim e 12,600 seconds F igure 4 .4 f  - T est tim e 14,400 seconds
F igu re 4 .4 g  - T est tim e 16 ,200  seconds F ig u re  4 .4 h  - T est tim e 18 ,000  seconds
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4.1.2 Refrigeration System Airflow
As frost accumulates on the surface of the evaporator coil the free air space between 
the evaporator fins decreases, increasing the flow resistance and causing the 
reduction to the discharge air velocity presented in Figure 4.5. This drop in airflow 
eventually reduces the capacity o f the refrigeration system. Upon start-up the 
refrigeration system operates momentarily on low speed (1,450 rpm) before 
switching to high-speed (1,900 rpm) to pull down the compartment to the set-point 
temperature. While operating on high-speed the average discharge air velocity 
ranged from 18.5 m/s to 17.6 m/s. When set-point temperature was reached the 
refrigeration system switched to low-speed operation, which caused an instant drop 
in the discharge air velocity from 17.6 m/s to 13.6 m/s. On low-speed operation the 
system alternated between cool and heat modes to maintain set-point. Over the 
duration “X ” the system operated relatively free from the effects of evaporator 
frosting and the discharge air velocity ranged from 12.3 m/s to 13.6 m/s.
Time, t ($)
F igu re  4 .5  - Variation in  the discharge air ve locity  into the 0°C refrigerated compartment during the 
portion o f  T est #1 leading up to the first defrost cycle.
As frost began to accumulate the discharge air velocity began to decrease steadily 
over duration “Y ” , dropping from 12.3 m/s to 8 . 8  m/s over a 7,600s (2.1-hrs) period.
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Over duration “Z” the discharge air velocity declined more rapidly from 8 . 8  m/s to a 
low of 3.6 m/s immediately prior to defrost initiation, Range A. Of the 320 tests 
conducted during this study each test exhibited an almost identical pattern.
Similar effects have been identified by investigators Neiderer (1976) for an air 
cooler, Tassou et al. (2001) for a refrigerated display cabinet and Peng et al. (2003) 
for an air source heat pump. Neiderer (1976) also stated that reduced airflow caused 
a reduction in system capacity while a study conducted by Lee al. (1996) noted that 
the thermal performance o f a heat exchanger was closely related to the reduced free 
air space between the heat exchanger fins due to frost growth. Although the 
discharge air velocity decreases with frost accumulation it is interesting to note over 
duration Z’ the short-term increases in the velocity when the system operates on heat 
mode, Figure 4.3. These temporary increases o f 1 to 1.6 m/s in the discharge air 
velocity occurred due to small quantities of frost melting from the evaporator surface 
during heat cycles and being expelled into the refrigerated compartment by the 
discharge airflow.
4.1.3 Evaporator Refrigerant Temperature
The average refrigerant temperatures at the evaporator inlet and outlet are presented 
in Figure 4.6. These average temperatures are calculated based on 4 inlet and 14 
outlet temperature measurements provided by the brass immersion thermistors 
presented in Figure 3.6. The first 695 seconds o f the test data in Figure 4.6 captures 
the rapid pull down to the 0°C compartment set-point temperature. Once reached the 
set-point temperature is maintained as the system alternates between cool and heat 
mode, which is clearly illustrated by the oscillating refrigerant temperature. When 
the system operated free from the influence of evaporator frosting the refrigerant 
temperature at the evaporator outlet ranged from -2°C to +0.5°C as represented by 
range A, Figure 4.6 Simultaneously the refrigerant temperature at the evaporator 
inlet decreased consistently to approximately -7°C on cool and increased to + 6 °C on 
heat mode as represented by range B.
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Time, t (s)
Figure 4.6 - A verage evaporator co il inlet and outlet refrigerant tem peratures during the portion o f
T est #1 leading up to the first defrost cycle .
The first noticeable effects generated by the onset o f frosting became apparent at 
approximately 8,500s with the sudden decrease in the evaporator outlet refrigerant 
temperature. As frost formed on the evaporator coil the volumetric airflow through 
the coil decreased, Figure 4.5. This reduced airflow decreased the rate of heat 
extraction by refrigerant circulating through the evaporator coil prompting the 
reduction in refrigerant temperature at evaporator outlet on cool mode. Range C 
shows the onset o f the decreasing refrigerant temperature at the evaporator coil 
outlet. As frost growth developed, the refrigerant temperature continued to decrease 
in a relatively linear fashion until it reached a minimum temperature o f- 16 .2 °C  
immediately prior to the initiation of the defrost cycle. Although frost growth has a 
significant influence on the outlet refrigerant temperature on cool mode it appears to 
have only a small influence on the refrigerant temperature on heat mode, decreasing 
by just 0.5°C.
Peng et al. (2003) also found that as frost accumulated on the surface o f the 
evaporator its fin temperature decreased, reflecting lower evaporator refrigerant 
temperatures as experienced in this TRS Defrost study. A  study carried out by Payne
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and O’Neal (1993) on an air source heat pump found that lower evaporator airflow 
brought a more rapid decrease in the evaporating temperature and they went on to 
state that:
‘A irflow  appears to b e the dom inant factor in  heat transfer perform ance during the 
frosting interval w h ile  the insulating effects o f  the frost layer appear to be secondary due 
to the sm all decrease in  heating capacity observed during constant a irflow  testing’.
While the airflow started to decrease after 3,200s due to frost build-up there was no 
negative impact to system dynamics until 8,500s at which time the evaporator outlet 
refrigerant temperature began to decrease. The average discharge air velocity 
measured 1 0 . 1  m/s when the evaporator outlet refrigerant temperature began to 
decrease. Thus for a period of 5,300s the insulating properties of frost had no effect 
on system dynamics indicating that airflow and not the frost is the dominant factor, 
which is consistent with the findings o f Payne and O’Neal (1993). The data 
presented in Figure 4.6 identifies that the impact o f frosting on the evaporator inlet 
refrigerant temperature (which is also the refrigerant evaporating temperature during 
cool cycles) lagged that o f the outlet temperature by 2550s. This lag was evident in 
all tests conducted with a compartment set-point temperature of 0°C. As frost 
accumulates the refrigerant superheat at the evaporator outlet begins to decrease due 
to insufficient airflow. A  thermo bulb sensor used to control refrigerant superheat 
responds by closing the expansion valve orifice slightly to maintain the correct 
degree of superheat. This causes a drop in evaporator pressure and evaporating 
temperature generating the lower refrigerant temperature at the evaporator inlet. Free 
from the influence of evaporator frosting the inlet refrigerant temperature ranged 
from + 6 °C to -7.3°C (range B), in contrast to a temperature range from + 6 °C to 
- 1 8.3°C prior to defrost initiation.
The refrigerant temperatures o f the 14 individual outlet circuits o f the evaporator 
coil are presented in Figure 4.7 for three different conditions:
Condition A, free from the influence o f evaporator frosting, time 1 ,200s, the 
average refrigerant temperature at the evaporator outlet measured -2.4°C, 
while the maximum temperature deviation across all fourteen was just 
+0.7°C
• Condition B, one hour prior to defrost initiation with substantial evaporator 
frosting, time 13 ,5 13 s  the average outlet refrigerant temperature dropped to
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-7.4°C while the maximum temperature variation was +5.4°C. Heavier 
frosting located at the centre o f the evaporator coil identified as circuits 2  to 
12 in Figure 3.6, presented significantly lower refrigerant temperatures 
when compared to circuits 13 and 14.
Condition C, immediately prior to defrost initiation with 14 .1 kg of frost 
accumulated on the evaporator coil, time 17 ,1 13 s  the average refrigerant 
temperatures in coil circuits 2 to 1 1  had dropped to -18.6°C . Circuits at the 
centre o f the evaporator coil where airflow had diminished due to heavy 
frosting generated the coldest refrigerant temperatures signifying an increase 
in thermal resistance and reduced heat transfer to refrigerant in these 
circuits.
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Individual evaporator coll outlet circuits
Figure 4.7 - Profile o f  refrigerant temperatures m easured at the outlet o f  individual evaporator 
circuits show n in Figure 3 .6 , at three tim es up to the first defrost cycle  during T est #1.
4.1.4 Refrigeration System Pressure
The refrigeration system pressures recorded during Test #1 up to the initiation o f the 
first defrost cycle at 17,129s are presented in Figure 4.8. While the system pressures 
operated free from the influence o f evaporator frosting up to 1 1,079s the evaporating 
pressure (equal to compressor throttle pressure) ranged from 55 to 76 psi, while the
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compressor discharge pressure spanned from 160 to 220 psi. As frosting began to 
impinge on system performance the most notable change in system pressures 
occurred to the evaporator pressure highlighted in Figure 4.8. The pressure range 
began to decrease steadily from 11,079s onwards until reaching a pressure range 
from 33 to 65 psi immediately prior to defrost initiation. Peng et al. (2003) also 
encountered a reduction in compressor suction pressure as frost collected on the air 
source heat pump outdoor coil. The drop in evaporator pressure is attributable to the 
thermo bulb closing the expansion valve orifice to regulate the correct degree of 
refrigerant superheat (+3 to +7°C) at the evaporator outlet and is a direct result of 
frosting. A  product of the decreasing evaporator pressure was a slight reduction in 
compressor discharge pressure.
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F igu re 4 .8  - Refrigeration system  pressures for a com partm ent set-point temperature 0°C during the 
portion o f  T est #1 leading up to the first defrost cycle.
During the entire test the evaporator coil differential pressure was found to remain 
constant with recurrent mini spikes signifying the transition from cool to heat and 
vice versa. The compressor throttling pressure ranged from 29 to 32 psi for the test 
period presented.
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4.1.5 Compartment Air Temperature
A profile of air temperature including refrigerated compartment, evaporator inlet and 
outlet and external ambient air temperatures recorded for the portion o f Test #1 
leading up to the first defrost cycle are presented in Figure 4.9. For clarity the 
compartment air temperature has been plotted on the secondary Y-axis. The average 
external ambient temperature for the test period presented was 14.8°C ±3°C. Given 
that the refrigeration system controls set-point temperature based on the evaporator 
air inlet temperature this temperature was not influenced by evaporator frosting 
ranging from -0.1 °C to +1.8°C as the system alternated between cool and heat 
modes. While operating free from the effects o f evaporator frosting the evaporator 
air outlet temperature ranged from -3.8°C to +0.8°C. As frost accumulated on the 
evaporator coil the evaporating temperature decreased and this subsequently led to a 
reduction in the evaporator air outlet temperature. The discharge air temperature 
begins to decrease most notably when the system operated on cool mode. Prior to 
defrost initiation the evaporator air outlet temperature ranged from -7.2°C to +0.5°C.
Time, t (s)
F igu re  4 .9  - Impact o f  frosting on m easured compartment, external ambient, evaporator inlet and 
outlet and air temperatures during the portion o f  Test #1 leading up to the first defrost cycle .
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The average compartment temperature was calculated based upon measurements 
from 9 type-T thermocouples, which ranged from -1.8°C to +1.2°C. Evidently this 
was not greatly influenced by evaporator frosting.
4.1.6 Relative Cool to Heat Cycle Durations
The total time accumulated in cool and heat modes over six 2730s successive long 
intervals versus the accumulating test time (not including pull down) until the 
initiation of the first defrost is presented in Figure 4.10. The number o f cool and heat 
cycles executed during each 2730s long interval is also plotted in Figure 4.10. As 
expected the refrigeration system spent more time operating on cool mode as the 
system was maintaining a compartment set-point temperature lower than the external 
ambient temperature. The percentage of time expended on cool was 57% for the first 
two time intervals. This increased to between 59% and 60% for the next three 
cycles.
I Cool Mode ■  Heat Mode —♦— Cool cycles Heat cycles
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Figure 4.10 - T im e spent in  coo l and heat m odes during six  su ccessive tim e intervals o f  27 3 0  seconds
leading up to D efrost #1 in  T est #1.
Over the final time interval the refrigeration system spent 64% o f the time operating 
on cool mode an increase brought about by evaporator frosting and clear evidence 
that the system needed to operate on cool mode for extended periods to offset the 
adverse effects o f frosting. During the first time interval (0 -  2730s) the system 
performed a total o f 1 2  cool and heat cycles, but this dropped to 6  during the final
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time interval prior to the initiation of defrost. This indicated that the system became 
less responsive and possibly less efficient due to the frost build-up.
4.1.7 Logarithmic Mean Temperature Difference
While Fisk et al. (1985) measured the temperature efficiency of an air-to-air heat 
exchanger under frosting conditions. This TRS D efrost study alternatively 
investigates the impact o f evaporator frosting on the Logarithmic Mean Temperature 
Difference (LMTD) for both cool and heat cycles. When the refrigeration system 
operates on cool mode refrigerant circulating through the evaporator coil is the cold 
fluid, whereas air flowing over the evaporator coil becomes the cold fluid on heat 
mode. The temperature distribution for a cross flow heat exchanger (evaporator coil) 
with refrigerant evaporating and condensing is shown in Figures 4.1 la  and 4.1 lb.
The Logarithmic mean temperature difference was calculated as follows (Incropera 
et al. 2006).
F igu re 4 .11a  - Evaporating refrigerant liquid  
during co o l m ode
Figure 4.11b - Condensing refrigerant gas 
during heat m ode
(4.1)
Where:
(4.2a)
(4.2b)
Ta,i = air temperature at the evaporator inlet (°C)
Ta ,0 = air temperature at the evaporator outlet (°C)
Trji = refrigerant temperature at the evaporator inlet (°C) 
Tro = refrigerant temperature at the evaporator outlet (°C)
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The following diagram presents the LMTD measured at the end o f each cool cycle, 
immediately before the system switches to heat mode and similarly at the end of 
each heat cycle, prior to the system switching to cool mode. Over the first 8,000s 
the LMTD for both cool and heat modes remained stable at 2.1 and 2.7 respectively. 
From times 8,000s to 1 1,370s the LMTD for cool mode increased to on average 4.1 
and cycled erratically for the duration. The LMTD for heat mode also fluctuated 
slightly more than previously but the LMTD average still remained at approximately 
2.7.
Time,t(s)
Figure 4.12 - V ariation o f  LMTD for coo l and heat cyc le s  w ith  frost build-up w ith  a compartment 
set-point temperature o f  0°C during the portion o f  T est #1 leading up to the first defrost cycle .
Note that the test time o f 8,000s also coincides approximately with the time at which 
the refrigerant temperature at the evaporator outlet also decreases. Following test 
time 11,370s the LMTD for cool mode increased rapidly reaching a maximum of 
13.7 immediately before defrost initiation reflecting an almost 7-fold increase due to 
the adverse effects o f frost build-up indicating a huge decrease in efficiency in the 
heat exchange process during cool mode. The test time of 11,370s also coincides 
with the time refrigerant temperature at the evaporator inlet begins to decrease. The 
LMTD also was shown to increase on heat mode, but not as significantly.
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4.1.8 Evaporator Cooling Load
As shown in sections 4.1.2 through 4.1.4 frost accumulation on the evaporator coil 
caused a reduction in the discharge air velocity (volumetric air flow), evaporator 
refrigerant temperatures and pressures while operating on the cooling cycle. Figure 
4.13 presents the impact o f evaporator frosting on the cooling load during each of 
the 58 individual cool cycles performed prior to the first defrost cycle.
The cooling load was calculated as follows:
End
e,=E K f t - i 6 ),a(,) (4.3)
i=i
Where: Qc = Total cooling load for an individual cooling period (kJ) 
mr = refrigerant mass flow rate (kg/s)
I15 = enthalpy of superheated refrigerant at the evaporator outlet (kJ/kg) 
h6 = enthalpy of saturated liquid refrigerant entering expansion valve (kJ/kg) 
Ati = time interval over which the calculation is performed (s)
Over the first 8,000 seconds of the test when the refrigeration system operated free 
from the influence o f evaporator frosting the cooling load supplied by the evaporator 
coil ranged from 2,000 kJ to 2,700 kJ. As the test progressed the cooling load 
supplied increased, ranging from 2,700 kJ to 3000 kJ between the times 8,000s and 
12,000s. During the final 5,200 seconds, prior to defrost initiation the cooling load 
supplied by the system increased to from 3,000 kJ to 5,000 kJ due to the system 
operating for longer periods on cool mode to counteract the effects o f evaporator 
frosting. This only reiterates observations first made in Figure 4.10.
This result indicates that 2.5 times more cooling power is supplied by the 
refrigeration system immediately prior to defrost than compared to frost free 
operating conditions. Again it is worth noting the cooling load supplied by the 
refrigeration system began to increase at the same time as refrigerant temperatures at 
the evaporator outlet (8500s) and inlet ( 1 1,079s) started to decline (Figure 4.6).
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Time, t (s)
Figure 4.13 - Variation in  coolin g  load supplied by  the evaporator co il for each individual co o l cycle  
during the portion o f  T est #1 leading up to the first defrost cycle.
Lee et al. (1996) noted that the thermal performance o f a heat exchanger was closely 
related to the ‘blockage ratio’ defined as the ratio o f the airflow passage blocked by 
the frost layer while Peng et al. (2003) noted once the frost thickness reached a 
‘critical value’ the operating characteristics o f the system changed. Given the non- 
uniform frost build-up encountered in this TRS Defrost study it was not possible to 
define the blockage ratio or critical thickness. However a critical frost mass was 
quantified by actuating a defrost cycle when the temperature differential between the 
evaporator air inlet temperature and evaporator coil temperature exceed 4.3°C. The 
critical frost mass measured 7.5 kg based on 3 sets o f results, however this varied by 
± 0.7 kg due to the variability in frost formation on the evaporator surface.
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4.2 IMPACT OF FROSTING AT A COMPARTMENT SET-POINT 
TEMPERATURE OF -20°C
System dynamics were investigated for a compartment set-point temperature o f 
-20°C and ambient temperature o f +15°C  during Test #2. Over the 12-hour test 
duration the steam humidifier was set to provide steam at a rate o f 5.55 x 10 "4 kg/s 
[2 kg/hr] but was again turned off during defrost. Although the test duration was 12  
hours the effects of frosting on the refrigeration system dynamic behaviour is 
presented for the first 2.7-hours, the time at which the first defrost cycle was 
initiated. This allows a more detailed investigation o f the system dynamics on the 
lead-up to a defrost cycle and these characteristics have been shown to be repeated 
before each defrost.
4.2.1 Visualisation of Evaporator Frost build-up at -20°C
A  series o f photos are presented in Figures 4.14a to 4.14e to highlight the rate o f 
frost growth and nature of frost type at a compartment set-point temperature o f 
-20°C at an ambient temperature o f +30°C2. As outlined in Section 4 .1.1 photos o f 
the frosting process focused on the centre area o f the evaporator coil air inlet face for 
clarity.
The visual images were taken at 1,200 second intervals starting at 1,200s. Figure 
4.14a shows that the evaporator coil is completely free of frost formation at 1,200s. 
When the test time reached 2,400s in Figure 4.14b, a thin layer of frost was evident 
on the aluminium fins and copper tubing of the coil. At 3,600s Figure 4.14c, the free 
air space between the evaporator fins was almost completely blocked due to a fluffy 
snow like frost. When the test time reached 4,800s Figure 4.14d, a layer of frost 
covered almost the entire air inlet face o f the evaporator coil. When the test time 
reached 6,000s Figure 4.14e, the frost layer began to increase in thickness on the 
air inlet face of the evaporator. Between test times 6,000s and 8,400s the frost layer 
thickness grew in depth until reaching a depth ranging from 5mm to 1 0mm prior to 
defrost initiation. This bulky snow like frost differs considerably to the solid ice like 
frost apparent at the 0°C set-point temperature in Test #1.
2 D ue to the lim ited  availability o f  the calorim eter test cell there w as insufficient tim e to obtain visual 
im ages o f  frost growth on the evaporator co il for an am bient temperature o f+ 1 5 °C .
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t l i h ;
Figure 4.14a - T est tim e 1200 seconds Figure 4.14b - T est tim e 24 0 0  seconds
v ,-.! i ! i
Figure 4.14c - T est tim e 3 6 0 0  seconds Figure 4.14d - T est tim e 48 0 0  seconds
F is»  res 4.14e - Test tim e 6000  seconds Figures 4.14f  - T est tim e 8400  seconds
Figure 4.14 -  Sequence o f  photos taken o f  the frosting process for a compartment set-point 
temperature o f  -20°C  at an am bient temperature o f+ 3 0 °C .
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4.2.2 Refrigeration System Airflow
To facilitate comparison the effects o f evaporator frosting on the average discharge 
air velocity into the refrigerated compartment during both Tests #1 and #2 are
  -5
presented in Figure 4.15. Note that the steam input rate was set at 1.25 x 10' kg/s 
[4.5 kg/hr] during Test#l. The first obvious difference between Tests #1 and #2 is 
the extended period o f operation on high-speed for Test #2, almost double the time 
of Test #1. However, this is explained by the much lower compartment set-point 
temperature of -20°C. The second difference is the frost accumulation period, which 
is approximately 50% shorter than recorded at the 0°C set-point temperature, even 
though the steam input rate during Test #2 was 56% slower.
Time, t (s)
F ig u re  4 .1 5  - A verage discharge air v e loc ity  into the refrigerated compartment for set-point 
temperatures o f  0°C and -2 0 °C  during the lead up to the first defrost cyc le  in  Tests #1 and #2.
During high-speed operation the discharge air velocities for both tests were identical 
ranging from 17.4 m/s to 18.5 m/s and highlighting the consistent performance o f the 
refrigeration system across a wide range o f set-point temperatures. After high-speed 
operation in Test #2 up until test time 6000s the maximum differential between the 
discharge air velocities did not exceed 1 m/s, however following this time the 
discharge velocity for Test #2 declined rapidly. This rapid decline was due to the 
accumulation of a bulky fluffy frost identified in Figure 4.14 that quickly reduced
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the airflow space between the evaporator fins. This contrasted to the high density 
solid ice-like frost generated during Test #1. Prior to the initiation o f defrost during 
Test #2 the discharge air velocity measured a low of 5.8 m/s, as opposed to the 3.6 
m/s measured immediately prior to defrost initiation during Test #1. With air flow 
being a dominant factor in the cooling capacity of the refrigeration system the higher 
discharge air velocity prior to defrost initiation in Test #2 suggests that the cooling 
capacity at the -20°C set-point temperature will not have deteriorated to the same 
degree experienced during Test # 1 .
4.2.3 Evaporator Refrigerant Temperature
The average refrigerant temperatures at the evaporator inlet and outlet are presented 
in Figure 4.16. The first 1300s o f the test captures the pull down of the evaporating 
temperature to accomplish the -20°C set-point temperature. After achieving set-point 
the system again alternates between cool and heat modes.
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Figure 4.16 - A verage evaporator co il in let and outlet refrigerant temperature at -20°C  prior to the 
initiation o f  the first defrost cycle  o f  T est#2.
The initial evaporator refrigerant outlet temperature ranged from -25°C to -16.5°C as 
identified by range A, while refrigerant inlet temperature ranged from -28°C to 
-6.7°C as identified by range B. Prior to the initiation of defrost the refrigerant outlet
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temperature ranged from -29.3°C to -16.5°C while refrigerant inlet temperature 
ranged from -30.5°C to -7.1°C. Although these trends are inline with those presented 
in Figure 4.6 the impact of frosting at -20°C is not quite as severe. This is due to the 
difference in frost type and defrost being triggered at a higher discharge air velocity 
o f 5.8 m/s at -20°C compared with 3.6 m/s prior to defrost initiation at 0°C.
The difference between refrigerant saturation temperatures in the evaporator and 
impact of frosting on this temperature during Tests #1 and #2 is presented in Figure 
4.17. The effects of frosting on the refrigerant saturation temperature during Test #2, 
although minimal, are apparent from test time 4770s, approximately half way 
through the test period.
Time, t (s)
Figure 4.17 - Refrigerant saturation temperature in  the evaporator co il during T est #1 and T est #2 , 
compartment temperatures o f  0  and —20°C  respectively.
The impact of frosting on the refrigerant saturation temperature took longer to 
manifest itself in Test #1 but following the test time 9920s the saturation temperature 
decreased at a more pronounced rate when the system operated on cool mode. Prior 
to the initiation of defrost in Test #1 the saturation temperature dropped to -17.6°C 
due to frosting, a 10°C drop when compared to frost-free operating conditions. 
However, when the average discharge air velocity measured 5.8 m/s in Test #1
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(corresponding to the measured air velocity at defrost initiation in Test #2) the 
saturation temperature had only decreased by 4.7°C. In contrast the saturation 
temperature during Test #2 decreased by only 2.7°C over the test period.
4.2.4 Refrigeration System Pressure
The refrigeration system pressures recorded during Test #2 for the duration leading 
up to the first defrost cycle are presented in Figure 4.18. During pull-down to 
compartment set-point temperature (time 0  -  1300s) when the system operated on 
high speed the compressor discharge pressure ranged from 210  to 250 psi. During 
the same period the pressure in the evaporator coil drops from 170 to 18 psi.
Time,t(s)
Figure 4.18 - R efrigeration system  pressures for a com partm ent set-point temperature -20°C  prior to 
the initiation o f  the first defrost cyc le  o f  T est#2.
After reaching set-point temperature the system switched to low speed operation 
causing the compressor discharge pressure range to decrease to between 1 15  and 2 0 2  
psi. This is notably lower than the discharge pressure range of 160 to 220 psi, (Fig. 
4.8) experienced at the higher set-point temperature of 0°C. At low speed operation 
the evaporator pressure ranged from 18 and 36 psi, again distinctly lower than the 
pressure range of 51 to 74 psi recorded in Test #1. Since the evaporator pressure 
now operates for the most part below the compressor throttle valve setting of 32 psi
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the compressor throttling pressure behaviour mirrors the evaporator pressure albeit, 
4 to 5 psi lower due to pressure losses experienced through the accumulator tank and 
on the compressor suction line. The evaporator pressure decreases gradually from 
the start o f the test, but this does not occur on a regular basis until 4,775s have 
elapsed. Over the test period presented the evaporator pressure only decreased by 4.3 
psi and 7.4 psi respectively on cool and heat modes while the compressor discharge 
pressure decreased by approximately 16.5 psi on both modes.
4.2.5 Relative Cool to Heat Cycle Durations
The refrigeration time preceding the first defrost cycle during Test #2 was 
subdivided into 6  equal time intervals o f 1270 seconds and the total time spent in 
both cool and heat mode during each interval is presented in Figure 4.19. The 
refrigeration system operated 64 to 72% of the time on cool mode as anticipated to 
maintain the lower compartment temperature. These percentages are noticeably 
higher than that recorded during Test #1 where the longest the refrigeration system 
operated on cool mode was 64% of the time. The two main reasons for this are:
i. The increased cooling load brought about by the higher rate o f heat transfer 
to the refrigerated compartment from the external ambient surroundings 
given the higher temperature differential (+35K) which exists during Test #2
ii. The higher cooling capacity o f the refrigeration system when maintaining a 
compartment set-point temperature of 0°C.
The percentage of time the system operated on cool during Test #1 increased from 
an initial value of 57% for the first two time periods (2730s) to 64% for the final 
time period. This indicated a good relationship between frost growth and the time 
spent operating on cool mode. However similar trends were not apparent during Test 
#2. Over the first two time periods the refrigeration system spent 72% of the time 
operating on cool mode. During the third and fourth time periods the system spent 
64% and 6 8 % o f the time operating on cool mode a clear decrease even though the 
system was operating with frost on the evaporator surface. Over the last two time 
periods the time spent on cool mode increased to 7 1%  and 70% respectively, 
contrasting with the trends presented in Figure 4.10. The number o f actual cool and 
heat cycles executed over the first 4 time intervals oscillated between 4 and 5. 
During the final time interval a total o f 3 cool and 3 heat cycles were performed. The
85
Chapter 4 Im pact o f  Frosting on Refrigeration System D ynam ics
reduced number of cool and heat cycles immediately before defrost initiation follows 
the pattern shown previously for Test #1.
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Figure 4.19 - T im e spent in  co o l and heat m odes during frost grow th period prior to D efrost//l,
T est#2.
4.2.6 Logarithmic Mean Temperature Difference
This section profiles the change in LMTD of both the cool and heat cycles for a 
compartment set-point temperature o f -20°C up to the initiation of the first defrost 
cycle, Figure 4.20. The LMTD was again measured at the end of each cool and heat 
cycle. Following pull down the LMTD for the cool cycle measured 3.3, which was 
followed by a rapid increase to 5 over a period o f 1,700 seconds. During the same 
period the LMTD for the heat cycle plummeted from an initial high o f 7.3 to 4.9. 
From the test time 3,000s the LMTD for the cool cycles increased steadily until 
reaching a high o f 7 before defrost initiation. Results from Test #1 showed that the 
system operated for a period o f 8 , 0 0 0  seconds before frost growth began to impact 
the LMTD for the cool cycles. In this case (Test #2) the impact o f frosting was 
evident from the start o f the test with the LMTD for cool cycles increasing steadily 
over the duration. From the test time 3,000s until defrost initiation the LMTD 
measured for heat cycles decreased from 4.9 to 4. This differs from results in Test #1 
where the LMTD for heat cycles increased as frost developed on the evaporator coil. 
Results from this section and section 4.1.7 show different compartment set-point
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temperatures and the ensuing frost types have different impacts on the heat cycle 
LMTD’s and their rate o f change for the cool cycles.
Time, t (s)
Figure 4.20 - Variation o f  LMTD for coo l and heat cyc le s  as frost d evelops on the evaporator co il 
w ith a com partm ent set-point temperature o f  -20°C during the tim e leading to the first defrost cyc le  in
T est #2.
4.2.7 Evaporator Cooling Load
This section investigates the impact of evaporator frosting on the cooling load 
supplied by the refrigeration system for the lower set-point temperature o f -20°C. 
When the system operates at -20°C the superheat at the evaporator outlet typically 
measures 4.5°C. As frost accumulates this superheat decreases and will often 
measure 0°C at the evaporator outlet, which prevents the refrigerant enthalpy from 
being determined at this location. Therefore, to determine the cooling load supplied 
by the evaporator coil a different approach was taken to that presented in section 
4.1.8. As indicated in Figure 4.21 the refrigerant enthalpy values were measured at 
the expansion valve inlet (liquid refrigerant, li6), the heat exchanger outlet 
(superheated refrigerant gas h8), and on the liquid line entering the heat exchanger 
(liquid refrigerant, h7)
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Figure 4.21 - Location o f  refrigerant enthalpy m easurem ents on  the evaporator co il and heat 
exchanger to determine the coo lin g  load supplied b y  the system  as frost d evelops on the evaporator
surface.
The combined cooling load for the evaporator coil and heat exchanger was 
determined as follows:
End
(4.4)
i=i
Where: QCVap+hx= combined cooling load for the evaporator and heat exchanger (kJ) 
hx = enthalpy o f superheated refrigerant gas leaving the heat exchanger 
(kJ/kg)
he = enthalpy o f saturated liquid refrigerant entering the expansion valve 
(kJ/kg)
The heat transfer across the heat exchanger was calculated as follows:
End
« ( ¿ 7  ~ K ) l  A t i ) (4.5)
i=1
Where: Qhx = Heat transferred across the heat exchanger (kJ)
I17 =  enthalpy o f saturated liquid refrigerant entering the heat 
exchanger (kJ/kg)
B y subtracting the total heat transferred across the heat exchanger “Qhx ” from the 
combined cooling load for the evaporator and heat exchanger “Qevap+hx ” resulted in 
the cooling load supplied by the evaporator coil.
Q c  Qevap+hx Q hx (4.6)
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The cooling load supplied over the first 6680 seconds o f the test did not indicate the 
system was suffering from the effects o f coil frosting even though the discharge air 
velocity had decreased from 13.6 to 10 m/s. After an initial period of stabilisation 
following pull down the cooling load supplied by the system ranged from 2 0 0 0  kJ to 
2320 kJ for individual cool cycles. Between test times 6680s and 8947s the cooling 
load increased slightly to a high of 2732 kJ. This is an additional cooling load of 
+2 0 % to counteract the negative impact of evaporator frosting.
Time,t(s)
Figure 4.22 - Variation in cooling  load supplied b y  the evaporator co il for each individual co o l cycle  
at a compartment set-point temperature o f  -20°C  during the tim e leading to the first defrost cyc le  in
T est #2.
This differs significantly from the cooling load supplied by the system before the 
first defrost cycle in Test #1 where an additional 150% cooling power was supplied. 
This poses the question should the refrigeration system have been allowed to operate 
for a further period before defrost was activated for the compartment temperature of 
-20°C, a question which will be examined further in Chapter 6 .
The critical mass of frost for the -20°C set-point temperature was 1kg, yet this varied 
considerably (±0.5 kg) due to the variability o f frost growth on the evaporator coil. 
This critical frost mass was 7.5 times less than the critical mass o f frost in Test #1 
and shows the impact of differing frost types on the critical frost mass.
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4.3 MAPPING THE SEQUENTIAL EFFECTS OF COIL FROSTING
The experimental test results presented in sections 4.1 and 4.2 can be reordered into 
a sequence of events that capture the impact of frost growth on the dynamic 
behaviour of a transport refrigeration system. This sequence was first presented in 
Donnellan et al. (2005) and was defined following the completion o f more than 100 
tests. The sequence o f events is presented in Figure 4.16 for a compartment set-point 
temperature of 0°C, Test #1. The first visual effect is the appearance of frost on the 
surface of the evaporator coil, but this does not immediately impact on the system 
dynamics. The first dynamic effect of evaporator frosting was a reduction of the 
discharge air velocity (Figure 4.3). The discharge air velocity began to decrease 
progressively thereby increasing the flow resistance from time 3200s (0.89hrs) until 
defrost cycle initiation. As frost accumulated on the evaporator coil the volumetric 
airflow through the coil decreased reducing the heat transfer rate.
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time, t (s)
Figure 4.22 - M apping the sequential effects o f  evaporator frosting on the refrigeration system  
dynam ic behaviour for a compartment temperature o f  0°C, T est# l
This results in a reduction in refrigerant temperature at the evaporator coil outlet, 
Figure 4.4, which was evident from 8500s (2.2hrs). With a decreasing refrigerant 
temperature at the evaporator outlet came a decrease in refrigerant superheat. In an
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effort to maintain the required superheat the expansion valve closed slightly causing 
a decrease in evaporator pressure, Figure 4.6 first noticed at time 1 1079s (3. lhrs). As 
a result o f the pressure drop in the evaporator coil the refrigerant temperature at the 
evaporator inlet also started to decrease at the same instance 11079s (3.lhrs). A  
further impact o f the decreasing evaporator pressure was a slight reduction of the 
compressor discharge pressure. The lower evaporating temperature resulted in a 
reduced discharge air temperature into the refrigerated compartment Figure 4.7, 
which was first observed at 11400s (3.2hrs). Although the times at which the 
aforementioned sequence o f events occur may vary with the steam input rate from 
the humidifier the actual sequence o f events does not change. The sequence of 
events brought about by evaporator frosting which impacts negatively on the 
performance of the transport refrigeration system are summarised in Table 4.2.
Table 4.2 - The effects o f  evaporator frosting on the refrigeration system  dynam ic behaviour.
Event Influence of frosting on refrigeration system dynamic behaviour Incident time (s)
1 Initial frost build-up 2 0 0  (0.06hr)
2 R eduction to discharge air ve lo c ity  (and volum etric airflow ) 3 ,200  (0.89hr)
3 D ecreasing refrigerant temperature at evaporator outlet 8 ,500  (2.3 6hr)
4 D ecreasing refrigerant temperature at evaporator inlet 11,079 (3.08hr)
5 D eclin ing com pressor suction pressure (and evaporating pressure) 11,079 (3 .08hr)
6 D eclin ing com pressor discharge pressure 11,079 (3 .08hr)
7 Falling discharge air temperature from  evaporator co il 11 ,400 (3 .17hr)
4.4 TRIGGER SENSORS FOR DETECTIONING COIL FROSTING
A  key aim of this element o f the study was to identify the sensor, sensor location or 
least number of sensors that could be used to reliably identify frost formation as well 
as initiate and terminate a demand defrost cycle. This section therefore discusses the 
sensors most adept at identifying the presence and degree of frost accumulation on 
the evaporator coil.
4.4.1 Air Velocity Sensors
Figures 4.5 and 4.15 show that the first sensors to detect the presence of frosting on 
the evaporator coil were the rotating vane anemometers located at the evaporator 
outlet (Fig. 4.2). These sensors identified the first effects o f frost build-up by 
measuring a gradual reduction in discharge air velocity and hence could be used 
quite effectively to control the initiation of a demand defrost. However given that
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airflow to the refrigerated compartment is prohibited during defrost the air velocity 
sensors could not be used to terminate a defrost cycle.
4.4.2 Temperature Sensors
Immersion thermistors used to measure refrigerant temperature at the inlet and outlet 
circuits o f the evaporator coil and evaporator coil surface thermocouples were also 
effective at indicating the presence of frost on the evaporator surface as indicated by 
falling temperatures. Either the evaporator inlet or outlet refrigerant temperatures 
could be measured against the evaporator air inlet temperature as this temperature 
remains within a specific range (being the compartment control temperature sensor). 
When a preset temperature differential between the temperature sensors is exceeded 
a demand defrost cycle would be activated. The evaporator outlet refrigerant 
temperature could be used to terminate a defrost cycle given its ability to confirm 
when all frost has melted from the evaporator coil with a temperature greater than 
0°C. A  temperature sensor fixed and insulated on the evaporator surface would also 
function in the same fashion as the immersion thermistors. The discharge air 
temperature sensor could also be used in conjunction with the evaporator air inlet 
temperature sensor to initiate a demand defrost cycle when a predetermined 
temperature differential is exceeded. Yet, the discharge air temperature sensor would 
not be capable o f determining the correct termination time.
4.4.3 Pressure Sensors
While evaporator frosting has a noticeable effect on the compressor discharge and 
suction pressures when the compartment temperature is 0°C the effect o f frosting 
when the set-point temperature is -20°C or less is extremely small. For these 
reasons sensors monitoring system pressures would not be an ideal option for 
initiation controls o f demand defrost cycles.
It is therefore recommended that consideration be given to using a combination of 
the evaporator air inlet temperature and refrigerant temperature at the evaporator 
outlet for demand defrost controls and further testing and results presented in 
Chapter 6  will identify i f  this sensor selection produced effective results.
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4.5 CONCLUSION
This chapter provided a detailed account on the influence of evaporator frosting on 
the dynamic behaviour of a commercial transport refrigeration system, including 
discharge air velocities, evaporator refrigerant temperatures, refrigeration system 
pressures and air temperatures at set-point temperatures o f 0°C and -20°C. As frost 
accumulated on the evaporator coil the time expended on cool mode increased from 
57% to 64% at a set-point temperature o f 0°C. Furthermore the number o f cool and 
heat cycles performed over successive time intervals o f 2730s fell by 50%. The 
cooling load supplied more than doubled due to the system operating longer on cool 
mode. In addition the LMTD experienced a 7-fold increase from an initial value of
2.1 to 13.7. Although an abundance of frost accumulated on the evaporator surface 
at -20°C, the cooling load supplied by the refrigeration system only increased by 
20% while the LMTD only increased from 3.3 to 7. These results show evaporator 
frosting at a set-point temperature o f 0°C had a greater adverse effect on system 
performance compared to frost build-up at -20°C. The chapter concluded by 
describing for the first time the precise influence o f evaporator frosting on system 
dynamic behaviour and used this information to identify the sensors that would be 
most effective as part o f a control system for the activation and termination of 
defrost cycles. While this chapter focused on analysing the dynamic behaviour of the 
refrigeration system as frost accumulates on the evaporator coil the next chapter 
scrutinises the system dynamic behaviour during a hot-gas defrost cycle at 
compartment set-point temperatures o f 0 and -20°C.
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Chapter 5 Refrigeration System D ynam ics D uring A  H ot Gas D efrost Cycle
Now that the frosting sequence has been established in Chapter 4 this chapter 
profiles the dynamic behaviour o f the same refrigeration system during a hot gas 
defrost cycle at two compartment temperatures o f 0°C and -20°C. The data presented 
includes visual images of the defrosting process, melt drainage rates, refrigerant 
temperatures, pressures and mass flow rates and compressor power consumption. It 
also contrasts the main differences that arise as a direct consequence o f varying 
compartment temperature. The defrost cycle thermodynamic process is presented on 
a pressure-enthalpy diagram and the critical role and performance o f the accumulator 
tank during the defrost cycle is also reviewed.
5.1 INTRODUCTION TO HOT GAS DEFROST
This section provided a detailed description of system operation in defrost mode. 
When a defrost cycle is activated a damper door on the discharge air supply closes to 
prevent warm air entering the refrigerated compartment. The flow direction of the 
refrigerant during defrost is shown in Figure 5.1 and the following description will 
track the refrigerant flow through the refrigeration system from the “START” point 
at the compressor outlet. From the “ compressor discharge line” superheated 
refrigerant is directed into the “hot gas line” by the three-way valve. The 
superheated refrigerant flows from the hot-gas line and completes two and a half 
parallel passes in the defrost “ drain pan” to melt any frost before flowing to the 
“distributor” . Hot gas refrigerant is then directed from the distributor into each of the 
14 capillary tubes feeding each circuit of the evaporator coil. As superheated 
refrigerant gas flows through the evaporator coil heat is transferred from the 
refrigerant to the evaporator coil and accumulated frost, melting frost from the coil 
surface. During defrost cycles refrigerant leaving the evaporator coil may exist as a 
liquid vapour mixture or vapour. Any liquid refrigerant falls to the bottom of the 
accumulator tank while refrigerant gas returns to the compressor where the cycle 
continues. The accumulator acts as a storage vessel during defrost (and heat) cycles 
preventing liquid refrigerant from returning to the reciprocating compressor.
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Hot-gas Refrigerant Flow Direction
Evaporator coil Capillary Tubes n istributor
Condenser coil
Hot gas line 
Three-way valve
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Heat exchanger
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F ig u re  5.1 - O verview  o f  the defrosting process show ing the H ot gas refrigerant flo w  during a 
defrost cyc le  o f  an S L 200e refrigeration system .
5.2 DEFROSTING PROCESS
As outlined in the previous section superheated refrigerant is fed directly to the 
evaporator coil during defrost enabling the evaporator coil to serve as a condenser 
during the defrost cycle. Krakow et al. (1992a) observed that during a defrost cycle 
the ‘surface condition of the coil may be frosted, slushy, wet or dry at a given time’ 
giving a series o f conditions which were also observed during defrost tests carried 
out in this TRS Defrost study. The surface condition o f a coil circuit as it is defrosted 
over time is graphically presented in Figure 5.2. As with all hot gas defrost cycles, 
frost starts to melt at the refrigerant inlet circuits o f the evaporator coil and 
progresses over time towards the outlet circuits. While the surface condition of a hot
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gas defrosted coil is variable, not homogeneous, Krakow et al. (1992a) presented an 
idealised defrost process based on experimental research carried out on an 
electrically defrosted, glycol-cooled coil. The idealised defrosting process was 
subdivided into four stages: preheating, melting, vaporising and dry heating. During 
the preheating stage the evaporator coil and accumulated frost are heated to the 
melting temperature of ice. The frost is then melted from the evaporator coil during 
the melting stage.
COIL AT END OF DEFROST 
Stage IV - Dry heating
LU
1
I—
Dry Wet
Stage III - Vaporising
Wet Slushy
Stage III - Vaporising
Wet Slushy Frosted
Stage II - Melting
Slushy Frosted
Stage 1 - Preheating
Frosted
COIL AT START OF DEFROST 
Refrigerant Flow
DISTANCE
Figure 5.2 - Schem atic illustrating the 4 stages o f  hot gas defrosting, K rakow  et al. (1992a).
While most melted frost from the evaporator coil drains away as water, part of the 
surface water remains due to surface tension and is vaporised during the vaporising 
stage. Finally, when the surface of the evaporator coil is dry the dry heating stage 
occurs immediately before the refrigeration system returns to maintaining set-point 
temperature, Krakow et al. (1992a).
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5.3 REFRIGERATION SYSTEM DYNAMICS DURING DEFROST FOR  
A COMPARTMENT TEMPERATURE OF 0°C
This section describes the dynamic behaviour o f the SL200e transport refrigeration 
system during a defrost cycle when the compartment set-point temperature is 0°C 
using the current SL200e defrost control. Since these results will be compared 
against those obtained from modified control algorithms yet to be presented it will 
be referred to as the Reference Defrost Control (RDC). Frost growth visualisation 
studies presented in Figure 4.4 have identified that ice accumulates on the evaporator 
coil at this set-point temperature.
5.3.1 Refrigerant Temperature at the Evaporator Coil Outlet using the RDC
The refrigerant temperature at the outlet o f 7 evaporator circuits during the first 
defrost cycle from Test #1 are presented in Figure 5.3. During this test the 
refrigeration system maintained a set-point temperature of 0°C with an ambient air 
temperature o f 15°C. The humidifier which had been supplying 1.25 x 10 "3 kg/s 
(4.5 kg/hr) o f steam was automatically switched off during defrost to prevent steam 
influencing the defrost cycle performance and results. Prior to defrost initiation the 
refrigeration system was operating in cool mode although it is not uncommon for the 
system to be operating in heat mode. This demand defrost cycle was controlled 
(initiated and terminated) by the Reference Defrost Control (RDC) currently utilised 
by the SL200e controller. However, this defrost cycle was terminated prematurely as 
a small amount o f ice was still present on the evaporator coil when defrost ended, 
which does not encompass a complete defrost cycle. The refrigerant temperature at 
some o f the outlet circuits o f the evaporator also indicated that ice was present as the 
refrigerant temperature at outlet circuits 6 , 8 , 10 and 12  measured less than 1.4°C 
when defrost concluded indicating premature termination. This was a consistent 
result from this control algorithm and one that resulted in reduced time intervals 
between successive defrosts as already presented in Figure 1.3 and will be outlined 
in Section 6.3. Given the defrost cycle presented in Figure 5.3 was incomplete four 
Modified Defrost Control (MDC) algorithms were developed during the course of 
this TRS Defrost study to ensure a thorough defrost was executed. A  detailed 
explanation of the first MDC developed MDC-A is presented in Section 6.5.
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Time, t (s)
F igu re  5 .3  - Variation o f  refrigerant temperature at the outlet circuits o f  the evaporator co il during the 
first defrost cyc le  from  T est #1 using the R eference D efrost Control, set-point temperature 0°C.
The introduction of the MDC-A permitted a precise examination of refrigeration 
system dynamics during defrosting in Tests #3 and #4 and a summary of the 
operating conditions is presented in Table 5.1.
T ab le  5.1 - Summ ary o f  operating conditions for T ests #3 and # 4  in exam ining the refrigeration  
system  dynam ic behaviour during defrost.
T est N o .
S et-p o in t 
tem p era tu re  (nC )
A m b ien t  
tem p era tu re  (°C)
S team  in p u t  
ra te  (kg/s) [kg/hr]
A b b rev ia ted  test 
d escrip tion
#3 0 +  15 1.25 x  10-3 [4.5] M D C -A
#4 -20 + 15 5.56 x l O -4 [2.0] M D C -A
5.3.2 Visualisation of an Evaporator Coil During Defrosting
The photos presented in Figures 5.4a through 5.4g show images of the evaporator 
coil during defrost at 240 seconds intervals. Prior to the defrost cycle being initiated 
the refrigeration system was maintaining a compartment set-point temperature of 
0°C. As with the frosting photos presented in Figures 4.4 and 4.14 it was decided to 
concentrate on a representative region at the centre o f the evaporator coil. The first 
image, Figure 5.4a shows the evaporator coil covered with an ice like frost with a 
white surface at defrost initiation.
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F ig u re  5 .4a  - T est tim e 0 seconds F igu re  5 .4b  - T est tim e 24 0  seconds
F igure 5 ,4c - T est tim e 4 8 0  seconds F igu re 5 .4 d  - T est tim e 720  seconds
m i l ' f ' r f ' I M ' I I H f f
F igu re 5 .4e  - T est tim e 96 0  seconds F igu re 5 .4 f  - T est tim e 1,200 seconds
i|iuirrrc
F igu re  5 .4g  - T est tim e 1 ,440 seconds
F ig u re  5.4 - Sequence o f  photos taken o f  the defrost process for a com partm ent set-point temperature
o f  0°C at an am bient temperature o f+ 3 0 °C .
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As the defrost cycle proceeds the frost colour changes to a white/grey shade as 
shown in Figure 5.4b, which indicates heat being supplied. Yet, no frost has melted 
from the evaporator surface, which means, this can be classified as the preheating 
stage defined by Krakow et al. (1992a). The third image, Figure 5.4c shows ice 
melting from the evaporator coil, thereby capturing the melting and vaporising 
stages defined by Krakow et al. (1992a). In Figures 5.4d though to 5.4f ice continues 
to melt from the evaporator surface as the coil gets slowly cleared. The final image 
shown in Figure 5.4g illustrates the vaporising and dry heating stages where the 
evaporator surface is virtually clear o f all the moisture droplets. From the images 
presented in Figure 5.4(a-g) the complete idealised defrosting process defined by 
Krakow et al. (1992a) has been successfully captured.
5.3.3 Melt Drainage Rate during Defrost using MDC-A
The rate at which melt drained from the evaporator coil during the first defrost cycle 
of Test #3 is presented in Figure 5.5. During the first 570s no melt drained from the 
evaporator coil. This indicates that all heat energy supplied by the hot gas refrigerant 
during this time was used exclusively for heating the coil and accumulated ice to 
melting temperature.
Time, t (s)
Figure 5.5 - M elt drainage rate during the first defrost cycle  o f  T est #3 (M D C -A ) w ith a set-point
temperature o f  0°C.
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The refrigerant temperature exiting the evaporator coil and presented in section 5.3.4 
further supports this claim as the refrigerant temperature stabilise approximately 
190s earlier. The melt drainage rate shows that the melting and subsequent drainage 
process began at 570s and continued until approximately 1670s at the steady rate of 
12.9 x 10 3 kg/s (46.4 kg/hr). Moments before the defrost cycle terminated the mass 
o f melt being collected began to stabilise indicating that the bulk of the melt had 
been removed from the evaporator coil and that the defrost control used during this 
test achieved a thorough and complete defrost. A  visual examination o f the 
evaporator coil following the defrost cycle confirmed the evaporator coil was 
completely free of frost, thereby verifying the performance o f the defrost control.
5.3.4 Refrigerant Temperature using MDC-A
A  detailed plot o f refrigerant temperatures at the compressor discharge, distributor 
inlet, evaporator coil inlet and outlet for the first defrost cycle from Test #3 are 
presented in Figure 5.6. To aid discussion Figure 5.6 has been subdivided into 3 
stages. The first stage represents the transition from cool to defrost and continues 
until evaporator refrigerant outlet temperature stabilises at -0.5°C, Position X.
Time, t (s)
Figure 5.6 - Variation o f  refrigerant temperatures during the first defrost cy c le  o f  T est #3 (M D C -A )
w ith a set-point temperature o f  0°C.
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The second stage represents the core-defrosting phase and continues until the 
evaporator refrigerant outlet temperature reaches +1.5°C  at Position Y , indicating all 
accumulated frost has melted from the evaporator coil. The third and final stage 
represents the concluding moments o f the cycle when residual water droplets drain 
from the evaporator coil before the system returns to cool mode.
Stage I: This stage o f the defrost represents the preheating stage discussed by 
Krakow et al. (1992a). When the defrost cycle is initiated there is an immediate 
increase in refrigerant temperature at the distributor inlet. Due to the introduction of 
high-pressure hot gas refrigerant from the compressor discharge into the hot gas line 
this rate of increase was measured at approximately 1.85°C/s over a 30s interval. 
This is followed by a slow temperature increase o f 3°C over the remaining 330 
seconds of stage I. In contrast, the compressor outlet refrigerant temperature drops 
sharply in the early moments o f defrost, followed by a slow recovery and a small 
temperature increase to +53°C. The refrigerant temperature at the evaporator inlet 
increases quickly to +6 °C initially, followed by a more gradually increase to +10°C 
after 380s. The refrigerant condensing temperature in the evaporator coil and 
refrigerant temperature at the evaporator outlet follow a similar trend by spiking 
initially followed by a steady temperature increase to -0.5°C.
Stage II: Stage II of this defrost cycle represents the melting and vaporising stages 
discusscd by Krakow et al. (1992a). The compressor and evaporator outlet 
refrigerant temperatures remained constant throughout stage II, while the refrigerant 
condensing temperature in the evaporator remained within 1.5°C o f the evaporator 
outlet refrigerant temperature. With considerable frost build-up on the air inlet face 
o f the evaporator this frost mass behaved in a similar manner to a passive heat sink 
extracting available thermal energy from the refrigerant, thereby holding the 
evaporator refrigerant outlet temperature at 0°C. The evaporator refrigerant inlet 
temperature increased by 9°C during stage II, indicating that less frost was present 
on the air outlet face o f the evaporator coil suggesting that defrosting had entered 
either stages III or IV defined by Krakow et al. (1992a). The refrigerant temperature 
at the distributor inlet actually decreased during stage II from 45°C in the initial 
moments to 39°C at 1354s before stabilising for the remainder o f the stage. This 
change was attributed to the additional heat loss associated with melt draining from 
the evaporator coil.
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Stage III: The latter stage o f the defrost cycle captured the increase in refrigerant 
temperature for all variables plotted. Refrigerant temperatures that increased notably 
include the evaporator inlet and outlet refrigerant temperatures as the remaining melt 
drained from the evaporator coil. This represents the vaporising and dry heating 
stages (III and IV) defined by Krakow et al. (1992a). While the refrigerant 
condensing temperature measured slightly higher than the evaporator outlet 
refrigerant temperature for o f stages I and II, the opposite was true during stage III, 
with little or no frost present on the evaporator coil to extract the heat energy from 
the hot gas refrigerant. The refrigerant temperature at the distributor inlet increased 
slowly for most of stage III followed by an abrupt increase as melt flow to the drain 
pan ceased.
During the final 30 seconds of the defrost cycle all the refrigerant temperatures 
decreased. While the damper door remains closed during this 30-second period the 
refrigeration system has actually returned to cool mode to remove heat from the 
evaporator coil before the system returns to maintaining the compartment set-point 
temperature. The results presented in this section for refrigerant temperatures at the 
evaporator inlet and outlet and distributor inlet are comparable with the results 
presented by Al-Mutawa et al. (1998d in Figures 2 1, 22 and 23) and Stoecker et al. 
(1983 in Figure 11) . The refrigerant temperatures recorded in this TRS D efrost study 
increase slower initially due to refrigerant being metered through the distributor 
capillary tubes to the evaporator coil. In the aforementioned studies o f Al-Mutawa et 
al. (1998d) and Stoecker et al. (1983) hot gas refrigerant was supplied to the coil 
header and into the coil tubes resulting in a more abrupt increase in refrigerant 
temperatures.
5.3.5 Refrigeration system pressure using MDC-A
The transient refrigeration system pressures at the compressor outlet, evaporator and 
distributor inlet and evaporator differential pressures recorded during the same hot 
gas defrost cycle are presented in Figure 5.7.
Stage I: When the defrost cycle is initiated there is a sharp drop in compressor outlet 
pressure as hot gas refrigerant is supplied to the low-pressure hot gas line and the 
evaporator coil. However this was a transient condition followed by a recovery in
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compressor outlet pressure as refrigerant pressure developed in the evaporator coil. 
The introduction of high-pressure refrigerant into the hot gas line caused the 
pressure at the distributor inlet to increase suddenly to 142 psi. In a trend that 
mirrors the compressor outlet pressure the distributor inlet pressure follows the 
pressure at the compressor outlet, albeit approximately 2 0  psi lower due to pressure 
losses generated by the three-way valve. At defrost initiation there is an immediate 
pressure increase at the evaporator inlet followed by a more gradual steady pressure 
increase to 75 psi as hot gas refrigerant is metered through the capillary tubes into 
the evaporator coil. There is a small spike in evaporator differential pressure to 7 psi 
at defrost initiation followed by a stable differential pressure of 2.5 psi.
Stage II: During Stage II the refrigerant pressure at the evaporator inlet remained 
almost constant with only a small 3 psi increase over the entire stage. The pressures 
at the compressor outlet and distributor inlet remained relatively steady during stage 
II while evaporator differential pressure remained constant.
Time, t (s)
Figure 5.7 - V ariation o f  refrigeration system  pressures during the first defrost cyc le  o f  T est #3  
(M D C -A ) w ith a set-point temperature o f  0°C.
Stage III: Over the course o f stage III the compressor outlet and distributor inlet 
pressures increased by 1 0  psi while the evaporator differential pressure again 
remained constant. In the latter period of stage III, the refrigerant pressure entering
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the evaporator coil increased steadily to 94 psi. As mentioned in the previous section 
the system returns to cool mode during the final 30 seconds o f the defrost cycle 
while the damper door remains closed. During this period the evaporator inlet and 
distributor inlet pressures drop suddenly and equalise while the compressor outlet 
pressure returns to its pre defrost level of over 2 0 0  psi.
The refrigerant pressures presented by Al-Mutawa et al. (1998d in Figures 24a, b 
and c) and Stoecker et al. (1983 in Figure 6 ) identified instant pressure increases 
when hot gas defrost cycles were initiated. Following this instantaneous pressure 
increase the pressures presented by Stoecker et al. (1983) stabilised as the coil 
defrosted, resembling the pressure profile in Figure 5.7 during stage II.
5.3.6 Compressor power and refrigerant mass flow using MDC-A
The calculated instantaneous compressor power and refrigerant mass flow rate for 
the same defrost are presented in Figure 5.8. During the transition from cool to 
defrost mode the compressor power increased sharply from 4.7 kW to 5.9 kW 
followed by a gradual decrease to 4.7 kW. Simultaneously the refrigerant mass flow 
rate followed a similar trend increasing from 0.1 kg/s to 0.13 kg/s at defrost 
initiation before decreasing to 0 . 1 2 1  kg/s.
Tim#, t (s)
F ig u re  5 .8  - V ariation o f  com pressor pow er consum ption and refrigerant m ass flo w  during the first 
defrost cycle  o f  T est #3 (M D C -A ) w ith  a set-point temperature o f  0°C.
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For the remainder o f the defrost cycle the compressor power and refrigerant mass 
flow rate remained relatively constant ranging from 4.65 kW to 4.76 kW and from
0.116  kg/s to 0.122 kg/s respectively. Upon defrost termination the refrigeration 
system returns to cool mode where the compressor power drops from 4.67 kW to a 
low of 3.8 kW, before increasing to a peak of 6.27 kW when the system switches to 
high speed cool. During the same time period the refrigerant mass flow rate drops 
from 0.121 kg/s to 0.108 kg/s followed by an increase to 0.142 kg/s when the system 
goes to high-speed operation. Results presented by Stoecker et al. (1983) in Figure 
1 2  showed that the refrigerant mass flow rate decreased in contrast to the increase 
experienced in this study at defrost initiation before stabilising for the remainder o f 
the cycle.
5.4 REFRIGERATION SYSTEM DYNAMICS DURING DEFROST WITH 
A COMPARTMENT TEMPERATURE OF -20°C
This section describes the dynamics o f the SL200e transport refrigeration system 
during a defrost cycle with a compartment set-point temperature o f -20°C with an 
external ambient o f +15°C . The results obtained are contrasted against those 
obtained at 0°C. During Test #4, demand defrost cycles were controlled by the 
MDC-A to ensure a complete defrosting of the evaporator coil. Before the defrost 
cycle was initiated the system had been operating on heat mode for 30 seconds.
5.4.1 Visualisation of an Evaporator Coil during Defrosting
The photos presented in Figures 5.9a through 5.9e show images o f the evaporator 
coil during defrost at 240s intervals. Prior to the defrost initiation the refrigeration 
system maintained a compartment set-point temperature of -20°C, while the external 
ambient temperature was +30°C. At this set-point temperature a snow like bulky 
frost was generated. Again the defrost photos presented in Figures 5.9 were focused 
on a representative region at the centre of the coil. While Figures 5.9(a) clearly show 
a snow white frost, as the defrost cycle continues a slight discolouration can be 
noticed in the frost layer 5.9(b). This indicates that heat is being transmitted to the 
frost causing the white/grey effect. However, no frost has thus far melted from the 
evaporator surface, which again signifies the preheating stage defined by Krakow et 
al. (1992a). The third image, Figure 5.9(c) shows the frost condition has changed to 
a slushy form identified as the melting stage.
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Figure 5.9a - D efrost Tim e 0 seconds._____________Figure 5.9b - D efrost T im e 240  seconds.
Figure 5.9c - D efrost T im e 48 0  seconds.___________ Figure 5.9d - D efrost T im e 72 0  seconds.
Figure 5.9e - D efrost T im e 960 seconds
Figure 5.9 -  Sequence o f  photos taken o f  the defrost process for a compartment set-point temperature
o f  -20°C  at an am bient temperature o f  +30°C .
The fourth image, Figure 5.9(d) shows the frost has been melted from the evaporator 
coil while all that remains are moisture droplets illustrating the vaporising stage. The 
final image, Figure 5.9(e) shows the evaporator surface virtually clear o f all moisture 
droplets, which represents the dry heating stage. From the photos presented in Figure 
5.9(a-e) the complete idealised defrosting process defined by Krakow et al. (1992a) 
has yet again been successfully captured.
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5.4.2 Melt Drainage Rate
The melt drainage rate from the evaporator coil for defrosts at both 0°C and -20°C is 
presented in Figure 5.10. The first obvious differences between both defrost cycles is 
the shorter duration and lower mass of melt removed at -20°C. Just 2.1 kg was 
removed at -20°C in contrast to 14 .1 kg at the 0°C set-point temperature. The melt 
drainage rate shows the initial melting times for both defrost cycles were almost 
identical differing by just 105 seconds.
Time, t (s)
F igu re 5 .10  - Com parison o f  m elt drainage rates during defrost cyc le s  for com partm ent set-point
temperatures o f  0 and -20°C.
The thermal energy provided by the hot gas refrigerant prior to the initial melt times 
was used to heat the evaporator coil and accumulated masses of frost to its melting 
temperature. The melt drainage period lasted just 270s for the -20°C defrost cycle in 
contrast to 1170s for the defrost cycle at 0°C while the calculated drainage rate for 
both defrosts was 7.8 x 10 ~3 kg/s and 12.9 x 10 ' 3 kg/s respectively. The melting and 
vaporising stages only occurred during the latter third of the defrost cycle at -20°C. 
In contrast the melting and vaporising stages lasted for 67% of the defrost cycle 
duration at 0°C.
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5.4.3 Refrigerant Temperature
A detailed transient profile of refrigerant temperatures at the compressor discharge, 
distributor inlet, evaporator coil inlet and outlet are presented in Figure 5 .11 
alongside the refrigerant condensing temperature. To aid discussion Figure 5 .1 1  has 
been subdivided into 3 stages identified by abbreviations PX and PY  for positions X  
and Y. The evaporator outlet refrigerant temperature begins to stabilise at - 1 . 1  °C 
denoted PX and starts to increase steadily when the refrigerant temperature increases 
above +1.5°C  at PY.
Time, t (s)
Figure 5.11 - Variation o f  refrigerant temperature during the first defrost at a set-point temperature o f
-2 0 °C , T est #4.
While stage II was the longest stage of the defrost presented at 0°C, stage I was 
clearly longer at -20°C because the evaporator coil temperature was approximately 
1 0°C colder at defrost initiation and Stage II was much shorter due to a reduced mass 
o f frost on the evaporator coil.
Stage I: During the initial moments o f the defrost cycle the refrigerant temperature 
at the distributor inlet increases rapidly by almost 70°C (12°C more than at 0°C) at a 
rate o f 2.25°C/s as hot gas refrigerant is fed into the hot gas line. The refrigerant 
temperature at the compressor outlet drops initially due to a drop in compressor
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discharge pressure. After 60 seconds o f the defrost cycle the distributor inlet and 
compressor outlet refrigerant temperatures track each other with approximately a 
10°C temperature difference until the defrost time reaches 600 seconds. From the 
start o f the defrost cycle, both the evaporator inlet and outlet refrigerant temperatures 
and the refrigerant condensing temperature increase steadily during stage I.
Stage II: The refrigerant temperature at the evaporator outlet increased by only 
2.5°C during stage II while the refrigerant temperature at the compressor outlet also 
remained quite stable. The refrigerant condensing temperature closely tracked the 
evaporator outlet refrigerant temperature during stage II. The refrigerant temperature 
at the evaporator inlet increased for the first 150 seconds of stage II before 
stabilising. From 600 until 800 seconds the melt drainage from the evaporator coil 
caused a slight reduction in the refrigerant temperature at the distributor inlet.
Stage III: During the latter phase o f Stage III the refrigerant temperatures at the 
distributor inlet, evaporator inlet and outlet increased, while the compressor outlet 
refrigerant temperature remained relatively constant. The refrigerant condensing 
temperature again tracked the evaporator outlet refrigerant temperature during stage 
III. As mentioned in Sections 5.2.1 and 5.2.2, the final 30 seconds of the defrost 
cycle is used to cool the evaporator coil before the system returns to maintaining the 
-20°C compartment temperature, hence the decrease in refrigerant temperatures. It is 
worth noting the defrost cycle goes through the four stages; preheating, melting, 
vaporising and dry heating, Krakow et al. (1992a), similar to defrosts at 0°C.
5.4.4 Refrigeration System Pressure
While refrigeration system pressures remain constant for approximately 60% o f the 
defrost cycle time at the 0°C set-point temperature the pressures are not as steady at 
-20°C in particular the evaporator pressure, Figure 5 .12. Furthermore the evaporator 
pressure and refrigerant outlet temperature both remain constant during stage II 
when defrosting at 0°C, in contrast to the increasing evaporator pressure experienced 
during defrosting at -20°C during stage II.
Stage I: Similar to pressures presented in Figure 5.7 there is an immediate pressure 
drop o f approximately 60 psi at the compressor outlet when defrost is initiated 
coinciding with a sharp pressure increase o f 1 15  psi at the distributor inlet. Directly
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after the sudden pressure drop the compressor outlet pressure recovers quickly by 2 0  
psi and then observes a more gradual increase followed by a stable pressure from 
time 280s until the end of the stage I. The distributor inlet pressure tracks the 
compressor outlet pressure albeit 2 0  psi lower due to pressure losses experienced 
across the three-way valve. During stage I the refrigerant pressure at the evaporator 
inlet increased by 60 psi in a relatively linear mode, while the evaporator differential 
spiked initially to 5 psi when defrost was initiated before remaining constant at
2.3 psi (±0.5 psi) for the remainder o f the defrost cycle.
Time,t(s)
Figure 5.12 - V ariation o f  refrigeration system  pressures during the first defrost at a set-point
temperature o f -2 0 ° C , T est#4.
Stage II: During this stage both the compressor outlet and distributor inlet pressures 
experienced pressure increases o f 14 psi, which is most likely due to a significant 
mass o f frost falling from the evaporator surface. The evaporator pressure increased 
initially in stage II followed by a more stable pressure. It is worth noting that during 
steady state defrosting conditions at set-point temperatures o f 0°C and -20°C the 
evaporator inlet pressure measured from 76 to 77 psi, corresponding with a 
refrigerant saturation temperature of +0.5 °C to +1°C.
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Stage III: Over the final stage o f the defrost cycle the compressor outlet and 
distributor inlet pressures increased by 15 psi, while the evaporator inlet pressure 
increased more rapidly from 77 to 110  psi. During the final 30 seconds of the defrost 
cycle when the system has return to cooling the evaporator coil, the distributor inlet 
and evaporator pressures drop off while the compressor pressure increases.
5.4.5 Compressor Power Consumption and Refrigerant Mass Flow
The instantaneous compressor power consumption and refrigerant mass flow rate are 
shown in Figure 5.13. When the refrigeration system switches from cool to defrost 
mode there is a sudden increase in compressor power from 3 kW to 5.2 kW, mainly 
due to the increase in compressor suction pressure (evaporator pressure Figure. 
5.12). Following this sudden peak the compressor power decreased to 4.7 kW, where 
it remained until 450s. After this time the compressor power slowly dropped off 
until it reached 3.5 kW prior to defrost termination. During the final 30 seconds of 
the defrost cycle compressor power dropped sharply to 2.6 kW. With a greater frost 
mass on the evaporator coil during defrost at 0°C compressor power remained stable, 
Figure 5.8 compared to the decreasing compressor power at -20°C.
Time, t (s)
Figure 5.13 - Variation o f  com pressor pow er consum ption and refrigerant m ass flow  rate during the 
first defrost w ith  a compartment temperature o f-2 0 °C  in  T est #4.
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The refrigerant mass flow rate doubled from 0.06 to 0.12 kg/s over the first 290s of 
the defrost cycle. After this time and for the remainder of the defrost cycle the mass 
flow rate remained constant at 0 . 1 2  kg/s equivalent to the mass flow rate for the 
defrost cycle at 0°C. When the system returned to cool mode the mass flow rate 
dropped off slightly followed by a sharp increase to 0.15 kg/s.
5.4.6 Compartment Temperature during Defrosts at 0 and -20°C
The average air temperature within the refrigerated compartment during defrost 
cycles with at 0°C and -20°C is presented in Figure 5.14. In both cases the ambient 
air temperature was maintained at +15°C  by the calorimeter test cell. With a 
compartment set-point temperature o f 0°C the average air temperature in the 
compartment increased by 6.4°C an average increase o f 1°C every 268 seconds over 
the defrost cycle duration.
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Figure 5.14 - Com parison in  the variation o f  com partm ent air temperatures during defrost for 
compartment set-point temperatures o f  0 and -20°C.
While a set-point temperature of -20°C was being maintained the air temperature in 
the compartment increased by a further 10.2°C to 16.6°C even though the defrost 
cycle was 54% shorter in duration. This represents a temperature increase o f 1°C 
every 57 seconds, a temperature increase rate 4.7 times greater when compared to
114
Chapter 5 Refrigeration System Dynam ics D uring A  H ot Gas D efrost Cycle
the temperature increase revealed for the set-point temperature o f 0°C. These 
increases in compartment temperature result from a number o f variables including;
i. Heat transferred from the warm ambient surroundings to the refrigerated 
compartment,
ii. Heat losses from the evaporator coil and drain pan and
iii. Heat generated by the evaporator fan.
The reasons associated with the greater temperature increase at the -20°C set-point 
temperature are;
i. The larger temperature differential between the compartment and 
ambient air temperatures (+35°C) instigating higher rates of heat transfer,
ii. Chapter 6  will show defrost cycles are less efficient at -20°C resulting in 
greater heat losses from the evaporator coil and drain pan and
iii. The heat generated by the evaporator fan per unit time increases with 
decreasing temperature.
The SL200e transport refrigeration system is designed for a refrigerated 
compartment known as a Reefer with external dimensions: 13.6 m long, 2.44 m wide
  -3
and 2.54 m high. The internal volume of such a Reefer is 70.24 m , 3.6 times greater 
than the refrigerated compartment used in this TRS Defrost study. Assuming the 
Reefer has an equivalent heat transfer rate per unit area equal to that o f the 
refrigerated compartment used in this TRS Defrost study, (0.42 W/m2K) and is 
stationary, the heat transferred into the Reefer during defrost would be significantly 
greater due to the larger surface area. Equation 5.1 was used to calculate the total 
heat transfer to the refrigerated compartment during defrost:
End
Qrc (K rcArc(Tamba — Trca) )  (5 1)
Where: K rc = overall heat transfer coefficient for the refrigerated compartment 
(W/m2K) (determined in Chapter 3 as 0.42W/m2K)
A rc = median area o f all walls o f the refrigerated compartment (m )
Tamb, a = Average external ambient air temperature (°C)
Trc, a = Average refrigerated compartment air temperature (°C)
At; = time interval over which the measurement is performed (s)
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The data in Table 5.2 shows the total heat gained for both compartment temperatures 
of 0°C and -20°C during defrost for the TRS D efrost refrigerated compartment and a 
standard Reefer while stationary. It is assumed that the compartment temperature in 
the Reefer increases similar to that o f the refrigerated compartment, therefore the 
only variable to change in calculating the heat gained by the Reefer during both 
defrosts is the surface area.
Table 5.2 - The heat transfer to the stationary TRS D efrost refrigerated compartment and typical size  
R eefer during a defrost cyc le  at compartment temperatures o f  0 and -20°C.
C om p artm en t tem p era tu re  (°C) R efrigerated  C om p artm en t R eefer  (S ta tion ary )
0°C 529 kW  (m easured) 8761 K W  (estim ated)
-20°C 575 kW  (m easured) 9515  K W  (estim ated)
5.5 DEFROST CYCLE THERMODYNAMIC PROCESS
While an extensive description of the cooling cycle thermodynamic process is 
presented in the literature (Dossat and Horan, 2001; Stoecker and Jones, 1983) this 
section provides a description of the defrost cycle thermodynamic process for the 
SL200e transport refrigeration system during steady state defrosting conditions, 
stage II, Figures 5.6 and 5.7 and is plotted on the pressure enthalpy (P-h) diagram 
shown in Figure 5.15.
Figure 5.15 -Pressure enthalpy diagram o f  a transport refrigeration system  consisting o f  com pressor, 
drain pan heater, evaporator and accumulator during the steady state stage II o f  the defrost w ith a 
com partm ent set-point temperature o f  0°C, T est #3.
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The main processes of the defrost cycle are:
i. Irreversible compression process l-»2 : The compressor converts low- 
pressure saturated vapour (State 1) into high-pressure, super-heated gas at its 
outlet (State 2).
ii. Throttling process 2—>3: This process captures the drop in pressure across the 
three-way valve where hot gas refrigerant is directed from the compressor 
discharge line (State 2) into the hot gas line (State 3).
iii. Heat rejection process 3—>4: This process takes place at constant pressure on 
the hot gas line (drain pan heater). Heat is transferred from the refrigerant to 
i) the copper piping, ii) melt draining from the evaporator coil and iii) and 
losses to compartment surroundings.
iv. Throttling process 4—>5\ This process takes place across the capillary tubes 
connecting the distributor (State 4) to the evaporator coil (State 5) and is a 
constant enthalpy process.
v. Heat rejection process 5—>6: This process represents the de-superheating of 
refrigerant gas at the evaporator inlet (State 5) into saturated vapour (State 6 ) 
that takes place at constant pressure in the evaporator coil. Heat is transferred 
from the refrigerant to the evaporator coil, accumulated frost and air. The 
difference between the enthalpy o f the refrigerant at points 3 and 4 represents 
the inverse o f the “Refrigerating effect”  for the defrost cycle.
vi. Throttling process 6 —»1: This process takes place across the compressor 
throttle valve and is a constant enthalpy process.
5.6 ROLE OF THE ACCUMULATOR DURING DEFROST
Accumulator tanks are an important component on SL200e refrigeration systems, 
employed to prevent liquid refrigerant migrating to the compressor. During heat and 
defrost cycles the accumulator plays a crucial role as there is no means of controlling 
refrigerant superheat at the evaporator outlet and so the accumulator is used to trap 
and store any liquid refrigerant coming from the evaporator. As shown in Figure 3.7 
the accumulator tank is located down stream of the evaporator coil and up stream of 
the compressor. It has a volumetric capacity o f 4.8 litres. Refrigerant leaving the 
evaporator coil may exist as a gas, liquid or as a wet mixture during heat and defrost 
cycles. Liquid refrigerant entering the accumulator falls to the bottom of the vessel
Chapter 5 Refrigeration System D ynam ics D uring A H ot Gas D efrost Cycle
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while refrigerant gas gets drawn back to the compressor through the accumulator 
internal U tube, as shown in Figure 5.16. The formation of a frost layer on the 
accumulator’s outer surface provides a reliable indication of the presence and level 
of liquid refrigerant in the accumulator tank. When the refrigeration system operates 
free from the influence of evaporator frosting the surface of the accumulator remains 
relatively frost-free. However, it was observed in this TRS Defrost study that the 
outer surface of the accumulator tank became heavily frosted during demand 
defrosts and while operating on heat mode immediately before demand defrosts.
Refrigerant gas going 
to the compressor
Refrigerant liquid and gas coming 
t from the evaporator coil
A  1 r>
-------------Refrigerant gas
L  Accumulator tank
U-tube
Liquid refrigerant
Figure 5.16 - Cross-section view o f the accumulator tank indicating the refrigerant flow direction.
This strongly suggested that the accumulator tank was filled with liquid refrigerant 
and raised concerns that some liquid refrigerant might be migrating to the 
compressor. These concerns were confirmed when early test results measured a 
refrigerant superheat of less than 1.5°C at the compressor inlet. Three sight glasses 
were fitted along the vertical axis of the accumulator to verify the level o f liquid 
refrigerant in the accumulator tank during demand defrosts, Figure 5.17a. These 
provided visual confirmation that the accumulator tank was completely filled with 
liquid refrigerant during demand defrosts and on heat cycles preceeding these 
defrosts, thereby allowing liquid refrigerant a direct path to the compressor. To 
overcome this problem a new accumulator tank with an increased volumetric 
capacity of 7.7 litres or an additional 60% capacity was used to replace the 
production accumulator, Figure 5.13b (outlined in red). The limited space envelope 
surrounding the accumulator was the deciding factor in sizing the new accumulator
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vessel. Five sight glasses were also fitted along the vertical axis of the new 
accumulator tank so the refrigerant liquid level could be monitored.
Subsequent testing showed the larger accumulator tank was sufficiently sized to 
store all liquid refrigerant migrating from the evaporator coil during demand 
defrosts. Typically 6.7 litres of liquid refrigerant was collected and stored during 
demand defrosts when the compartment set-point temperature was 0°C which meant 
the capacity of the production accumulator tank was undersized by almost 2 litres.
Figure 5.17a - 4.8 litre production accumulator Figure 5.17b - 7.7 litre accumulator with 5 sight 
with 3 sight glasses to verify liquid refrigerant level. glasses to confirm liquid refrigerant level.
The compressor is one of the most expensive components on a refrigeration system 
and has also got a substandard reliability record. Over 25% of warranty expenditure 
for Thermo King trailer refrigeration systems was compressor related failures. 
Typical failures included damage to compressor assembly, crankshafts, body, 
pistons, bearings, connecting rod, compressor oil pump, gaskets and shaft seals, 
(Thermo King, Internal report 2006). Employing a larger accumulator tank capable 
of collecting and storing all the liquid refrigerant has the potential to significantly 
reduce compressor failures which means in addition to reduced warranty 
expenditure, increased reliability for Thermo King refrigeration systems and reduced 
system downtime for customers.
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5.7 CONCLUSION
This chapter provided the first detailed account of the dynamic behaviour of a 
transport refrigeration system during demand defrost cycles for simulated fresh and 
frozen conditions at set-point temperatures of 0°C and -20°C. As defined by Krakow 
et al. (1992a) and observed during defrosts in this TRS Defrost study the defrosting 
process goes through 4 stages; i) preheating, ii) melting, iii) vaporising and iv) dry 
heating. The thermodynamic process for steady-state defrosting conditions at a 
compartment set-point temperature of 0°C was also defined. An important finding 
exposed during initial defrost testing was the inability of the accumulator tank 
employed on SL200e refrigeration systems (and SLIOOe, SL400e and SL Spectrum 
systems) to store all liquid refrigerant migrating from the evaporator during demand 
defrosts. A new accumulator tank with 60% additional volumetric capacity was 
commissioned and installed on the SL200e system. The ability of this new 
accumulator tank to store all liquid refrigerant during defrosts has the potential to 
reduce compressor failures, resulting warranty claims and thereby improve system 
reliability. While this chapter concentrated on the dynamic performance of the 
SL200e system during demand defrosts the next chapter focuses on the defrost 
control algorithms used to initiate and terminate defrosts and the development of 
enhanced demand defrost control algorithms.
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Chapter 6: Development o f  Enhanced Demand Defrost Control Algorithms
While Chapter 5 characterised the dynamic behaviour of the SL200e transport 
refrigeration system during hot gas defrost cycles at compartment temperatures of 
0°C and -20°C this chapter provides a detailed account of the performance of the 
defrost control algorithms used to initiate and terminate demand defrost cycles. 
While the results of just 13 tests are presented in this chapter, these act as a 
representative sample of over 320 tests conducted over 12 and 24-hour durations to 
refine the demand defrost control algorithms.
To facilitate comparison between test results, the experimental parameters used to 
assess defrost cycle performance are defined. These include heat of compression, 
heat supplied to melt frost, heat removed with the melt and defrost cycle efficiency. 
This is followed by a description of both the operating conditions and the demand 
defrost control algorithms used to activate and terminate defrost cycles for each 
respective test.
The main body of the chapter focuses on the performance of demand defrost control 
algorithms beginning with the Reference Defrost Control (RDC). The development 
of enhanced demand defrost controls, devised from an analysis of the experimental 
test data and visual observations is then outlined. Results emanating from the 
introduction of these enhanced defrost controls are presented and compared with 
earlier results obtained for the RDC. The final section defines the enhanced demand 
defrost control algorithms for the entire operational range of the SL200e 
refrigeration system for optimised defrost performance over the operating spectrum.
6.1 EVALUATING DEFROST CYCLE EFFICIENCY
A number of important variables were determined to help evaluate the performance 
of demand defrost control algorithms. These include, heat of compression, heat 
expended in the drain pan, heat dissipated from the evaporator coil to melt 
accumulated frost, heat energy required to melt accumulated frost and defrost cycle 
efficiency. Figure 6.1 identifies the locations on the refrigeration system where 
refrigerant enthalpy and mass flow rate measurements were taken to enable these 
parameters to be evaluated.
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Figure 6.1 - Location o f  refrigerant enthalpy and mass flow rate measurement on the SL200e
refrigeration system.
The primary source of heat energy during defrost originates from the heat of 
compression. The magnitude of heat energy generated during compression by the 
compressor for each defrost cycle, “QCOmP ” was calculated using:
End
Qcomp =  Z  ( k 2 ~  K  ) A t i ) (6-1)
i=l
Where: mr = refrigerant mass flow rate leaving the compressor (kg/s) 
hi = enthalpy of saturated gas entering the compressor (kJ/kg) 
h2 = enthalpy of superheated gas leaving the compressor (kJ/kg)
Atj = time interval over which the measurement is performed (s)
As high-pressure hot gas refrigerant travels through the compressor discharge line a 
small portion of heat energy is lost to the ambient surroundings. This heat loss 
“Qtoss ” was calculated as follows:
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End
fit e = £  (»,(*,-*,)*,) (6.2)
1=1
Where: h3 = enthalpy of superheated gas leaving the three-way valve (kJ/kg)
The heat energy used to melt frost in the drain pan, coupled with heat losses to the 
surrounding air and removed by condensate draining from the evaporator coil during 
defrost was calculated using equation 6.3:
End
Q drain pan ~  ^  (Wr (A, — A4)Ai;) (6 3)
Where: h4 = enthalpy of superheated gas at the distributor inlet (kJ/kg)
A heat transfer analysis was carried out on the heat exchanger to quantify the total 
heat transferred from refrigerant in the liquid line to the suction line. During defrost 
the liquid line pipe within the heat exchanger contains liquid refrigerant, which 
remains liquid for the entire cycle, whereas refrigerant pressures and temperatures 
on the suction side of the heat exchanger identify refrigerant at its saturation 
condition. Therefore, a heat transfer analysis was conducted on the liquid line side of 
the heat exchanger to quantify the total heat transferred across the heat exchanger 
during defrost. Results showed that the total heat transferred was less than 0.5% 
when compared with the heat generated during compression. Consequently this had 
a negligible effect when taken into consideration in defrost efficiency calculations.
A free convection heat transfer analysis was carried out on the accumulator tank to 
determine the heat gained by refrigerant stored in the accumulator from the warm 
ambient surroundings. The total convective heat gain by the accumulator was also 
less than 0.5% of the compressor heat input during defrosts. Convective heat transfer 
had negligible effect on the defrost cycle efficiency. Therefore, both the heat 
exchanger and accumulator tank can be regarded as passive components during 
defrost cycles. The equations used to determine the heat transfer taking place within 
the heat exchanger and to the accumulator tank are presented in Appendix E.
Frost build-up on the evaporator coil has a significant impact on refrigerant 
temperatures measured around the coil during defrosts. Thus, given the negligible 
influence of the heat exchanger and accumulator tank it was decided to measure the
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refrigerant temperature at the compressor inlet to determine the heat energy 
expended by the evaporator coil to melt accumulated frost. The total heat energy 
given up as refrigerant passed through the evaporator coil to melt frost during defrost 
(Q evap) was calculated using:
^  End ^
e„.„= 2  (6.4)
v  f= l
The total heat removed with the melt from the evaporator coil during each defrost 
cycle (Qmeit) was calculated using equation 6.5 below which incidentally was also 
used by Al-Mutawa et al. (1998c):
Qmeit ~  m melt i^ liq  ~  ^frost ) ( f t
Where: mmeit = total mass of melt collected during the defrost cycle (kg)
hjiq = enthalpy of liquid water at average leaving melt temperature (kJ/kg) 
hftost= enthalpy of ice based on average coil surface temperature (kJ/kg)
There are further heat loads associated with evaporator defrosting which will be 
taken into consideration in the evaluation of the current and new defrost control 
algorithms. These include heat transfer from the external ambient surroundings to 
the refrigerated compartment ( Q rc) ,  which was evaluated using:
End
2«= £  (6.6)
1=1
Where: Kre = Overall heat transfer coefficient for the refrigerated compartment 
(W/m2K) (determined in Chapter 3 as 0.42W/m2K)
Arc = Median area of all walls of the refrigerated compartment (m )
Tamb, a = Average external ambient air temperature (°C)
Tc, a = Average refrigerated compartment air temperature (°C)
Since the evaporator fan is belt driven by the refrigeration system engine the fan 
remains rotating during defrost generating a heat load, which must be removed in the 
subsequent cooling cycle. The heat generated by the evaporator fan can be 
determined from the fan curves given the rotational speed of the fan and static 
pressure, Figure 6.2, (Regan, B. and Volk, R. 2003). The volumetric airflow is 
plotted against the static pressure on the Y-axis for standard fan speeds of 1816 and 
2380 rpm, while the fan power is plotted on the secondary Y-axis.
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Volumetric airflow vs. Static Pressure 
Evaporator fan speed 2380rpm
Volumetric airflow vs. Fan power 
Evaporator fan speed 2380rpm
2400 
2200 
-  • 2000 
-■ 1800 
1600
Volumetric airflow vs. Fan power 
Evaporator fan speed 1816rpm
  1400
I
4 1200  S.
c
- •  1000  «2o
n
800 
600 
-■ 400 
- •  200 
0
o
a.a>
UJ
3000 4000
Volumetric Airflow, V, (m3/hr)
Figure 6.2 - SL200e evaporator fan curve characteristics at rotational speeds o f  18 16 and 2380rpm
(Regan, B. and Volk, R. 2003).
Defrost efficiency ( r \ D e f )  is defined as the ratio o f the total heat required to melt the 
frost, including the sensible warming of the frost, to the total amount of defrost heat 
input including any refrigeration loads effects, Kerschbaumer (1971). The defrost 
efficiency was calculated using;
Q m e lt
Voef — '
Q evap  Q d p  Q fa n
Where: Qfan = heat generated by the evaporator fan (kJ)
6.2 OPERATING CONDITIONS AND DEMAND DEFROST CONTROL 
ALGORITHMS
This section outlines the operating conditions under which each test was carried out, 
and Table 6.1 defines the compartment set-point temperature, external ambient 
temperature, steam input rate from the humidifier, together with an abbreviated test 
name for each test discussed in this chapter. In accordance with the Agreement on 
the International Carriage of Perishable Foodstuffs and on the Special Equipment to 
be used for such Carriage (ATP) all Thermo King refrigeration systems are certified 
at set-point temperature of 0°C and -20°C in an ambient environment of +30°C
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(ATP, 1976). The most frequent reports of issues with demand defrost originate 
from countries with mild climates such as Ireland, the UK and central Europe. 
Therefore, in keeping with the ATP test conditions and to evaluate the impact o f a 
milder ambient climate defrost testing was conducted at compartment set-point 
temperatures of 0°C and -20°C in ambient temperatures of +15°C and +30°C. Tests 
with an external ambient temperature of +15°C were conducted in the Calorimeter 
test cell (controlled environment) while tests with an ambient temperature of +30°C 
were carried out in the Endurance test cell.
Table 6.1 - Summary o f  operating conditions and defrost control algorithms during defrost testing.
Test No. Set-point temperature (°C)
Ambient 
temperature (°C)
Steam input 
rate (kg/s) [kg/hr]
Abbreviated test 
description
#1 0 +15 1 .2 5 x 1  O'3 [4.5] T1/0°C/+15°C
#2 -20 +15 5.56 x lO ’4 [2.0] T2/-20°C/+15°C
#3 0 +15 1.25 x 10'3 [4.5] T3/0°C/+15°C
#4 -20 +15 5.56 x 10'4 [2.0] T4/-20°C/+15°C
#5 0 +15 1.25 x lO '3 [4.5] DEVELOPMENTAL
#6 0 +30 1 .2 5 x 1  O'3 [4.5] T6/0°C/+30°C
#7 -20 +30 5.56 x lO -4 [2.0] T7/-20°C/+30°C
#8 0 +30 1.25 x l 0 ‘3 [4.5] T8/0°C/+30°C
#9 -20 +30 5.56 x 10^ [2.0] T9/-20°C/+30°C
#10 0 +15 1.25x lO '3 [4.5] T10/0°C/+30°C
#11 0 +30 1 .2 5 x 1  O'3 [4.5] T11/0°C/+30°C
#12 -20 +30 5.56 x 10"4 [2.0] T12/0°C/+30QC
#13 0 +30 1.25 x 10‘3 [4.5] T6/0°C/+30°C
A number of steam input rates were considered during initial defrost testing. With a 
compartment set-point temperature of 0°C and a steam input rate of 4.17 x 104 kg/s 
[1.5 kg/hr] only small quantities of frost developed on the evaporator surface. 
However, this frost was melted and removed during heat cycles and as a result no 
demand defrost cycles were activated. The steam input rate was then increased to
8.3 x 1(T* kg/s [3 kg/hr] which provided a demand defrost every 7 to 8-hours. 
However, timed defrosts on production refrigeration systems leaving Thermo King’s 
Galway facility are pre-set to conduct time defrosts at 4 and 6-hour intervals, which 
means a timed defrost would have been executed before these demand defrosts. 
Therefore, the steam input rate was increased further to 1.25 x 10' kg/s [4.5 kg/hr] 
which resulted in a demand defrost cycle being called every 5-hours approximately. 
For the lower set-point temperature of -20°C the steam input rate was set at 5.56 x 
10'4 kg/s, [2 kg/hr] which resulted in a demand defrost taking place every 2 to 3
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hours. The steam input from the humidifier was suspended during all defrost cycles 
to ensure heat from the steam generated did not influence defrost cycle performance. 
Based on discussions with field service engineers (Barr, 2003; Hanrahan, 2003; 
Philbin, 2003) and analysis of field data against defrost results from the TRS Defrost
3 ! - 1test facility, it was decided the steam input rates of 1.25 x 10' kg/s [4.5 kg/hr] and 
5.56 x lO-4 kg/s, [2 kg/hr] were a realistic representation of the higher humidity 
conditions found in refrigerated trailer compartments.
The demand defrost control algorithms used for initiation and termination of defrost 
cycles from Tests #1 through to #13 are presented in Table 6.2 together with the 
abbreviated defrost control name. A complete description of the Reference Defrost 
Control (RDC) is provided in Section 3.1.3. All defrost cycles were initiated when 
the temperature differential between the evaporator air inlet temperature (EAIT) and 
the evaporator coil temperature (EMMT) was exceeded for the corresponding 
evaporator air inlet temperature. Defrosts controlled by the RDC were terminated by 
the refrigeration system microprocessor when EMMT reached +13.4°C. Defrosts 
controlled using the MDC were terminated when refrigerant temperature at the 
evaporator outlet (EVOT) reached +10°C. A detailed description outlining the 
development of the new defrost termination control for the MDC algorithm is 
presented in section 6.4.
Table 6.2 - Summary o f  demand defrost control algorithms employed during defrost testing.
Test No.
Initiation control 
EAIT -  EMMT (°C)
Termination control 
EM M T or EVOT (°C)
Abbreviated defrost 
control name
#1 +13.3 +13.4 EMMT RDC
#2 +8.3 +13.4 EMMT RDC
#3 +13.3 +10 EVOT MDC-A
#4 +8.3 +10 EVOT MDC-A
#5 +13.3 +13.4 EMMT RDC
#6 +8.3 +13.4 EMMT RDC
#7 +13.3 + 15 EVOT DEVOLPMENTAL
#8 +13.3 +10 EVOT MDC-A
#9 +8.3 +10 EVOT MDC-A
#10 +13.3 +10 EVOT MDC-B
#11 +13.3 +10 EVOT MDC-B
#12 +11.1 + 10 EVOT MDC-C
#13 +13.3 +10 EVOT MDC-A
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Tests with a compartment set-point temperature of 0°C were conducted over a 
24-hour duration whilst tests with a set-point temperature of -20°C were conducted 
over a 12-hour duration. However, Tests #2 and #7 were concluded after 10 hours 
due to excessive frost accumulation on the air inlet face of the evaporator coil.
6.3 DEFROST CYCLE PERFROMANCE USING THE REFERENCE 
DEFROST CONTROL (RDC)
6.3.1 Experimental Analysis
This section assesses the performance of the Reference Defrost Controls (RDC) 
currently employed by the SL200e refrigeration system at compartment set-point 
temperatures of 0°C and -20°C. Tests were conducted at ambient temperatures of 
+15°C and +30°C for both set-point temperatures to determine if the RDC operates 
more effectively in a specific environment. Tests were allowed run for 10 and 
24-hour durations and Figure 6.3 presents the time between successive defrosts 
against test time. The two salient features conveyed in Figure 6.3 are the sensitivity 
of the frosting process to set-point temperature and the undesirable effect of 
decreasing times between successive defrost cycles.
Test Duration, t (hr)
Figure 6.3 - Diminishing time periods between successive defrost cycles using the Reference Defrost
Control (RDC) in Tests #1, #2, #6 and #7.
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The first noticeable difference highlights the sensitivity of the duration between 
successive defrosts to set-point temperature with the higher defrost frequency 
occurring at -20°C. A total of 6 defrosts were executed over the 10-hour test period 
of Test #2 while a staggering 13 defrost cycles were executed in Test #7. These 
more frequent defrosts were attributed to a bulky, low-density frost formation on the 
evaporator surface at -20°C, but the execution of more than 1 defrost cycle per hour 
while not unusual in the field is undesirable.
A common characteristic o f all four tests presented is the diminishing times between 
successive defrosts. Results from Tests #1 and #2 shows that the maximum duration 
between successive defrosts was achieved following the first defrost cycle. 
However, the duration between successive defrosts after the second defrost cycle 
diminished raising concerns about the performance of the RDC. The times between 
successive defrosts in Test #2 dropped by 78% from a maximum of 2.9 to just 0.65 
hours. However, the longer times between defrosts #1 and #2 (for Tests #1 and #2) 
indicated that a minimum time between defrosts could be achieved with an enhanced 
defrost control algorithm. Visual inspections of the evaporator surface following 
defrosts revealed the presence of small segments of frost on the air inlet face of the 
coil, thereby identifying a possible cause of the diminishing times between defrosts.
When defrost cycles are initiated hot gas refrigerant is supplied to the air outlet face 
of the evaporator coil first. Accordingly, frost begins to melt at this region in the 
initial stages and continues melting towards the air inlet face of the evaporator. 
However, the evaporator coil temperature sensor (EMMT) used to terminate defrosts 
is located on the air outlet face of the evaporator. When the temperature measured by 
EMMT reaches +13.4°C the defrost cycle controlled by the RDC is terminated. 
Occasionally, this termination control works well as the extended times between 
defrosts #1 and #2 (from Tests #1 and #2) indicate. However, in most situations the 
termination control proved the weak link as the results in Figure 6.3 demonstrated.
Table 6.3 shows the coldest refrigerant temperatures measured by the 14 immersion 
thermistors on each outlet circuit of the evaporator coil when each of the 5 defrosts 
from Test #1 were concluded. It is worth noting the coldest refrigerant temperatures 
were consistently measured at the outlet o f circuits 7 and 10 (Figure 3.6), located 
around the centre of the coil. Visual inspection of the frosting process revealed that
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this also coincides with the region of heaviest frosting. Interestingly the longest 
duration between successive defrost cycles was recorded between defrosts #1 and #2 
and defrosts #3 and #4 which is reflected by the marginally higher refrigerant 
temperatures recorded at the end of both these defrosts.
Table 6.3 - Coldest refrigerant temperatures measured within evaporator coil outlet circuits at the end 
o f  each o f  the five defrost cycles executed during Test #1.
Defrost cycle Minimum temperature (°C) Evaporator coil circuit
Defrost #1 +0.9* EVOTIO IT
Defrost #2 +0.2 EVOT7 IT
Defrost #3 +0.6* EVOT7 IT & EVOTIO IT
Defrost #4 +0.2 EVOT7 IT & EVOTIO IT
Defrost #5 +0.3 EVOT7 IT & EVOTIO IT
The need for an improved defrost termination control to achieve thorough defrosts 
on a consistent basis was emphasised by i) the decreasing times between successive 
defrosts (Figure 6.3), ii) remains of frost on the evaporator surface (visual study) and 
iii) refrigerant temperatures at the evaporator outlet measuring scarcely above 0°C 
(Table 6.3) at the end of each defrost. This should help maximise and potentially 
increase times between successive defrosts, potential reducing the number of 
defrosts in a given test period.
A detailed analysis of the experimental results for individual defrost cycles from 
Test #1 are presented in Table 6.4. These include defrost times, time between 
successive defrosts, the mass of melt removed and percentage difference relative to 
the first melt removed, fuel consumed during each defrost, energy input from the 
compressor, heat supplied to melt frost, heat removed with melt and the defrost cycle 
efficiency. As the test progresses defrost cycle times decreased, with the fifth defrost 
cycle 22% shorter than the first defrost. Consequently, the mass of melt removed, 
volume of fuel consumed and heat input from the compressor decreased for each 
successive defrost. The minimum duration between successive defrost cycles fell 
from a maximum of 18,824 to a low of 10,663s (43% decrease). The heat supplied to 
melt frost during defrost #1 was 7,618 kJ while the total heat removed with the melt 
was 5,903 kJ. This resulted in a defrost cycle efficiency of 77%. However, as the 
mass o f melt removed during defrosts decreased, so did defrost efficiencies with the 
efficiency falling to 65% for defrost #5. Heat transferred to the refrigerated 
compartment during defrost #1 measured 462 kJ compared with 361 kJ in defrost #5.
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Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 D ef #5 Total
Defrost duration (s) 1,625 1,571 1,487 1,420 1,260 7,363
Time between defrosts (s) 17,129 18,824 13,190 14,069 10,663 73,875
Melt mass (kg) 
Difference (%)
14.2 13.8
-3%
12.6
-11%
11.3
-20%
9.5
-33%
61.4
Fuel consumption (ml) 979 976 929 884 785 4553
Compressor heat input (kJ) 7,827 7,765 7,420 7,046 6,255 36,314
Heat supplied to melt frost (kJ) 7,618 7,561 7,233 6,845 6,090 35,347
Heat removed with melt (kJ) 5,903 5,735 5,299 4,734 3,973 25,643
Heat transfer to compartment (kJ) 462 434 410 402 361 2,069
Defrost efficiency (%) 77 76 73 69 65 72 (avg)
Defrost experimental results obtained for Test #6 for the same 0°C set-point 
temperature while operating in a +30°C ambient temperature are presented in Table 
6.5. Defrost cycles times were shorter than defrosts from Test #1 largely due to the 
reduced mass of melt removed during defrosts. Defrost efficiencies in Test #6 
averaged at 77%, 5% better than the average defrost efficiency achieved in Test #1. 
While defrost efficiencies were superior in Test #6 the average duration between 
successive defrosts (not including the time to defrost #1) was lower at 12,114s 
compared to 14,187s (15% less). Visual inspections of the evaporator coil following 
defrosts again revealed segments of frost on the air inlet surface, while refrigerant 
temperatures measured at the evaporator outlet (EVOT) at the end of each defrost 
ranged from -0.1°C to +1°C.
Table 6.5 - Summary o f  experimental results for each defrost cycle from Test #6 (RDC 0°C/+30°C).
Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 D ef #5 D ef #6 Total
Defrost duration (s) 1,292 1,123 968 1,146 986 1,131 6,646
Time between defrosts (s) 19,134 13,046 10,561 11,798 11,393 13,774 79,706
Melt mass (kg) 12.8 9.6 8.7 10 9.7 11.2 62.0
Difference (%) -25 -32 -22 -24 -12
Fuel consumption (ml) 740 642 559 661 575 659 3837
Compressor heat input (kJ) 6,246 5,529 4,871 5,648 5,090 5,689 33,072
Heat supplied to melt frost (kJ) 6,206 5,414 4,824 5,618 5,004 5,613 32,678
Heat removed with melt (kJ) 5,164 3,871 3,555 4,072 3,980 4,524 25,166
Heat transfer to compartment (kJ) 718 600 565 668 587 670 3809
Defrost efficiency (%) 83 72 74 72 80 81 77 (avg)
The results presented in Figure 6.3 showed the RDC struggled to maintain consistent 
times between successive defrosts at the -20°C set-point temperature in Tests #2 and 
#7. While 12 hour durations were initially scheduled for Tests #2 and #7 both tests 
were terminated after 10 hours due to excessive frosting on the evaporator coil. Such
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a degree of frosting has the potential to damage the evaporator coil due to excessive 
frosting and the compressor due to low suction pressures. Table 6.6 presents defrost 
experimental results from Test #2 and identifies a number of differences between 
defrosting at 0°C and -20°C set-point temperatures. In total 6 demand defrosts were 
executed during Test #2, which was 3 times more compared to the same 10-hour 
duration of Test #1, even though the steam input rate was 56% less in Test #2. The 
mass o f melt removed during defrosts in Test #2 was considerably less to that 
removed during Test #1. Similar to trends in Test #1 the defrost times and the mass 
of melt removed during successive defrost cycles decreased after the first defrost 
cycle. The time between successive defrosts fell from 10,449s to a minimum of 
2,353s, a 77% reduction. A defrost efficiency of 21% was achieved during defrost 
#1 and this decreased to a mere 5% for defrost cycles #3 to #6. Again the reduction 
in defrost efficiency coincided with a reduction in the mass of melt removed during 
defrosts #3 to #6. Whilst defrost times were shorter at the lower set-point 
temperature of -20°C the heat gained by the compartment during defrost cycles was 
greater due to the elevated heat transfer rate brought about by the larger temperature 
differential between the compartment and ambient surroundings.
Table 6.6 - Summary o f  experimental results for each defrost cycle in  Test #2 (RDC -20°C/+15°C).
Defrost perform ance data Def #1 D ef #2 D ef #3 D ef #4 D ef #5 D ef #6 Total
Defrost duration (s) 929 773 723 676 696 682 4,479
Time between defrosts (s) 8,978 10,449 3,921 2,425 2,353 2,407 30,533
Melt mass (kg) 
Difference (%)
2.1 1.0
-52%
0.4
81%
0.4
81%
0.4
81%
0.4
81%
4.7
Fuel consumption (ml) 567 472 439 413 424 417 2,732
Compressor heat input (kJ) 4,231 3,730 3,459 3,241 3,311 3,276 21,248
Heat supplied to melt frost (kJ) 4,134 3,641 3,344 3,162 3,229 3,188 20,698
Heat removed with melt (kJ) 868 410 164 166 166 163 1,937
Heat transfer to compartment (kJ) 607 532 494 456 473 461 3,022
Defrost efficiency (%) 21 11 5 5 5 5 9 (avg)
In total 13 defrost cycles were executed in Test #7. However, results for just the first 
6 defrosts are presented in Table 6.7 as the statistics for defrosts #7 to #13 mirror 
those of defrosts #4, #5 and #6. The mass of melt collected during defrost #1 was 
3kg which decreased to just 0.1kg during defrosts #3 through to #6. The highest 
defrost efficiency was achieved was 32% during defrost #1, which fell to a lowly 2% 
in defrosts #3 through to #6 (and defrosts #7 to #13).
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Table 6.7 - Summary o f  experimental results for each defrost cycle in Test #7 (RDC -20°C/+30°C).
Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 D ef #5 D ef #6 Total'
Defrost duration (s) 738 481 414 391 405 424 5,673
Time between defrosts (s) 11,858 6,812 2,199 1,062 918 918 30,394
Melt mass (kg) 
Difference (%)
3.0 0.4
-87%
0.2
-93%
0.1
-97%
0.1
-97%
0.1
-97%
4.6
Fuel consumption (ml) 426 280 241 226 233 246 3,293
Compressor heat input (kJ) 3,779 2,762 2,431 2,375 2,421 2,479 32,318
Heat supplied to melt frost (kJ) 3,719 2,642 2,331 2,233 2,267 2,359 30,504
Heat removed with melt (kJ) 1,202 156 77 39 39 38 1,818
Heat transfer to compartment (kJ) 715 494 414 398 395 409 5,267
Defrost efficiency (%) 32 6 3 2 2 2 5 (avg)
The defrost test results presented for the RDC at the -20°C set-point temperature 
replicate operating conditions encountered by transport refrigeration systems in real 
life situations where carcasses of beef and lamb are loaded into the refrigerated 
compartment without being completely pre-chilled (Barr, 2004; Hanrahan, 2004; 
Miles, 2006). Consequently beef and lamb produce suffer from considerable 
moisture loss, causing weight loss and product discolouration. This moisture 
ultimately ends up on the evaporator coil as frost, which forces the refrigeration 
system to execute several demand defrost cycles.
The results in this section reveal a number of important findings:
i. The premature termination of defrost cycles lead to the undesirable pattern 
of progressively shorter refrigeration times between successive defrosts and 
therefore more frequent defrosts.
ii. Frequent defrosts increase the number of temperature swings within the 
refrigerated compartment due to defrosting, which impacts negatively on the 
quality and life of the produce being transported.
iii. As the mass of melt removed during defrosts decreased, defrost efficiencies 
also decreased.
6.3.2 Repeatability Analysis of the Reference Defrost Control (RDC)
Despite the best efforts to maintain identical operating conditions to facilitate 
repeatability of testing the conditions surrounding frost growth on the evaporator 
surface are not entirely reproducible. This was also identified by Stoecker (1983) 
who attributed it to the variability in how frost deposits on the evaporator coil.
* The total values from Test #7 refer to all 13 defrost cycles.
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During the course o f this TRS Defrost study a number o f variables were identified 
which were shown to influence frost formation on the evaporator surface which 
include:
i. The refrigeration system operates with a higher refrigerant superheat at the 
evaporator outlet in lower ambient temperatures (+15°C) than at the higher 
ambient temperatures (+30°C) which impacts on the start time and location 
of frost build-up.
ii. Furthermore, refrigerant superheat at the evaporator outlet can fluctuate by 
±3°C under controlled test conditions at a set-point temperature of -20°C 
(±0.2°C) in an external ambient of +30°C (±0.5°C).
iii. To maintain set-point temperature, the refrigeration system alternates 
between cool and heat mode. During heat mode a small portion of frost 
melts from the evaporator coil and flows out to the drain pan while further 
melt is expelled into the refrigerated compartment with the discharge 
airflow. This is a common occurrence at a 0°C set-point temperature and it 
occurs in a random uncontrolled fashion.
iv. As frost develops on the evaporator surface at the higher ambient 
temperature of +30°C the refrigeration system will frequently switch to 
high-speed operation to maintain the desired set-point temperature. This 
results in some frost being stripped from the evaporator surface and being 
projected into the compartment due to the high air velocity.
Despite this variability clear trends emerged which allowed the strengths and 
weaknesses of the RDC to be analysed and repeatability results for set-point 
temperatures of 0°C and -20°C in an ambient temperature of +30°C (repeat of Tests 
#6 and #7) are presented in Figure 6.4. While the repeatability test results reflected 
the possible variability in the frosting and defrosting process the broad observations 
made in relation to in Figure 6.3 were confirmed. Figure 6.4 again shows sensitivity 
to set-point temperature and diminishing times between successive defrosts. The one 
notable result is that repeated Test #6 which displayed a uniformly high durations of 
approximately 4.5 hours between successive defrosts. It is this type of result that this 
TRS Defrost study seeks to consistently develop across all set-points.
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Test Duration, t (hr)
Figure 6.4 - Repeatability o f Tests #6 and #7 using RDC at set-point temperatures o f  0°C and -20°C
in an ambient temperature o f  +30°C.
6.4 DEVELOPMENT OF AN ENHANCED DEFROST TERMINATION 
CONTROL
The first step towards improving the RDC focused on increasing the defrost 
termination temperature measured by EMMT from +13.4°C to +18.8°C. Initial test 
results showed that the evaporator coil received an improved level of defrost. 
However, in certain cases this new termination control led to unnecessarily long 
defrosts. Defrosting for longer than necessary reduces defrost cycle efficiency and 
increases the subsequent cooling load on the refrigeration system.
Measurements of refrigerant temperatures at the evaporator outlet presented in both 
the previous section and shown in Chapter 5, (sections 5.3.4 and 5.4.3) clearly 
highlighted that the last location frost melted from the evaporator coil was at the air 
inlet face of the coil. Therefore, it was decided to use thermocouple EVOT, fixed 
firmly and insulated on the evaporator outlet line to terminate defrost cycles. A 
series of tests were conducted to determine the optimum control algorithm for 
terminating defrost cycles using EVOT. During the analysis of the representative 
tests presented in Figure 6.5 a termination temperature of +15°C was initially 
selected to ensure that all the frost melted from the evaporator coil.
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Figure 6.5 - Determination of optimum control for defrost cycle termination using the refrigerant 
temperature at the evaporator outlet and mass o f  condensate drainage rate during defrost, Test #5.
By simultaneously analysing the evaporator outlet refrigerant temperature and the 
mass of melt removed during defrost, it was possible to identify a suitable 
temperature for terminating defrost cycles. It is apparent in the region circled in red 
as the defrost cycle draws to a conclusion the rate of melt drainage from the 
evaporator coil decreases suddenly. When the defrost cycle time reached 1964s the 
rate of melt drainage decreased vividly indicating that most o f the melt water from 
the frost and had been cleared from the evaporator coil thereby permitting the defrost 
cycle to be terminated. This coincided with a refrigerant temperature of +9°C at the 
evaporator outlet line.
The temperature measured by the evaporator coil temperature sensor (EMMT) used 
by the RDC to terminate defrost cycles is also plotted. When EMMT measured 
13.4°C (termination control for the RDC) the mass of melt removed from the 
evaporator coil was only 10 kg. These results confirmed that the RDC was 
terminating defrost cycles prematurely. In this situation the defrost cycle would have 
been terminated 500 seconds too early, with approximately 7.4 kg (43%) of the 
accumulated frost not removed from the evaporator coil. Further tests were 
conducted, with the same defrost initiation controls as RDC but using a new
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termination control temperature of +10°C measured on the evaporator outlet line. 
This control is referred to as Modified Defrost Control A (MDC-A) and its 
performance is compared against RDC in the next section.
6.5 DEFROST CYCLE PERFORMANCE USING MODIFIED DEROST 
CONTROL-A (MDC-A)
6.5.1 Experimental Analysis
This section assesses the performance of the Modified Defrost Control-A (MDC-A) 
which utilises temperature sensor EVOT to terminate defrost cycles when the 
measured refrigerant temperature exceeds +10°C. This replaces the EMMT sensor 
used on the RDC to terminate at temperature o f +13.4°C. Again a series of 4 tests 
were performed at compartment set-point temperatures of 0°C and -20°C, conducted 
in ambient temperatures of +15°C and +30°C, Figure 6.6. The significant impact of 
implementing the MDC-A is evident from the sustained time intervals between 
successive defrost cycles at both 0°C and -20°C set-point temperatures.
Test Duration, t (hr)
Figure 6.6 - Sustained time intervals between successive defrost cycles achieved by implementing 
the Modified Defrost Control -  A  (MDC-A) during Tests #3, #4, #8 and #9.
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The minimum time between successive defrosts for the 0°C set-point temperature 
was 5 hours. This is an increase of 2.1 hours when compared to the shortest duration 
between defrosts #2 and #3 from Test #6. The minimum time between successive 
defrosts for the -20°C set-point temperature was 2.2 hours, an improvement of 
1.94 hours or 88% compared to the shortest duration between defrosts #3, through to 
#6 from Test #7. Due to the increased times between defrost cycles the number of 
defrost cycles executed decreased. At the 0°C set-point temperature only 4 defrost 
cycles were executed in Tests #3 and #8 compared with 5 and 6 defrosts using the 
RDC in Tests #1 and #6. A further reduction in defrosts was achieved at the -20°C 
set-point temperature. Over the first 10-hours of Tests #4 and #9 only 3 defrost 
cycles were executed respectively which is a 50% reduction compared to the same 
time period for Test #2 and a 77% reduction compared to Test #7.
Visual inspection of the evaporator coil following defrost termination using the 
MDC-A revealed that all the frost had been completely removed from the evaporator 
surface. These results highlight the importance of a thorough defrost to ensure 
sustained times between defrost cycles. Rigorous and complete defrosts also allow 
the refrigeration system operate at optimum performance when the system returns to 
cool mode.
An analysis of the experimental results from Test #3 are presented in Table 6.8 and 
these can be compared against those obtained from the equivalent RDC (Test #1) in 
Table 6.4. The mass of melt removed during defrosts in Test #3 was significantly 
higher compared with the results from Test #1, ranging from 14.4 kg to 18 kg while 
5 kg more melt was removed by 1 less defrost in Test #3. This suggests several 
kilograms of frost were still present on the evaporator surface when defrosts were 
terminated during Test #1. Defrost cycle efficiencies were also superior in Test #3 
with the lowest defrost efficiency measuring 74% versus 65% from Test #1, while 
the average defrost efficiency improved by 5%. Although defrost cycle times were 
longer in Test #3 the overall time spent in defrost only increased by 116 seconds, 
(+1.6%) compared with the total defrost time from Test #1. The average time 
between successive defrost cycles in Test #3 increased by 45% compared to the 
average times between successive defrosts in Test #1. The energy generated by the 
compressor during defrost #1 was 8231 kJ which increased by approximately 1000 
kJ for defrosts #2 through to #4 as a result of the longer defrost times.
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Table 6.8 - Summary o f  experimental results for each defrost from Test #3 (MDC-A 0°C/+15°C),
Defrost performance data D ef #1 D ef #2 D ef #3 Def #4 Total
Defrost duration (s) 1,700 1,921 1,921 1,937 7,479
Time between defrosts (s) 15,436 18,600 21,750 21,231 77,017
M elt mass (kg) 
Difference (%)
14.4 16.8
+17%
18.0
+25%
17.2
19%
66.4
Fuel consumption (ml) 1,039 1,176 1,179 1,189 4,583
Compressor heat input (kJ) 8,231 9,338 9,289 9,399 36,257
Heal supplied to melt frost (kJ) 8,102 9,223 9,177 9,280 35,782
Heat removed with melt (kJ) 5,967 7,018 7,441 7,231 27,656
Heat transfer to compartment (kJ) 493 545 539 537 2,114
Defrost efficiency (%) 74 76 81 78 77 (avg)
Table 6.9 presents defrost experimental results from Test #8. The first noticeable 
difference between Test #3 and Test #8 was the reduced mass of melt removed 
during defrosts, with reductions ranging from 2.3 kg to 4.2 kg while 12% less melt 
was removed over the test duration. This identifies a variation in the level of frost 
mass required to trigger demand defrosts at a set-point temperature of 0°C due to 
difference in ambient temperature. This could be caused by a number of variables 
associated with the +30°C ambient temperature:
i. Lower system cooling capacity
ii. Lower superheat on cool cycles
iii. Sporadic periods of high-speed operation to maintain set-point temperature
Table 6.9 - Summary o f  experimental results for each defrost from Test #8 (MDC-A 0 °C/+30°C).
Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 1,434 1,543 1,670 1,606 6,253
Time between defrosts (s) 18,434 17,970 19,829 19,750 75,983
Melt mass (kg) 13.8 14.0 15.7 15.1 58.6
Difference (%) +1% +14% +9%
Fuel consumption (ml) 828 897 955 911 3,591
Compressor heat input (kJ) 7,269 7,699 8,176 7,846 30,990
Heat supplied to melt frost (kJ) 7,150 7,634 8,061 7,708 30,553
Heat removed with melt (kJ) 5,559 5,696 6,267 6,108 23,630
Heat transfer to compartment (kJ) 790 862 891 866 3,410
Defrost efficiency (%) 78 75 78 79 77 (avg)
The total defrost time from #8 was 6% shorter than Test #6, although 3.4 kg (5.5%) 
less melt was removed. The average times between successive defrost cycles 
increased in Test #8 by 58%. Defrost efficiencies from both tests averaged 77% 
although the highest individual defrost efficiency was achieved in Test #6. This is 
due to defrosts in Test #8 taking longer to complete to ensure the evaporator coil has 
been completely defrosted.
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Experimental results for individual defrost cycles from Test #4 are presented in 
Table 6.10 and these can be compared against results from Test #2 in Table 6.6. 
During Test #4 defrost times were more consistent and as a result the melt collected, 
heat generated by the compressor and volume of fuel consumed were all higher. 
Over the 12-hour test duration the total time spent in defrost was 3,712 seconds 
compared to 4,479 seconds over the 10-hour test duration of Test #2. This equates to 
a 17% reduction in defrost time, while 89% more melt was removed during defrosts. 
The average time between successive defrosts was 9,914s during Test #4 which is 
2.3 times greater than the average duration between successive defrosts in Test #2. 
The minimum defrost efficiency recorded in Test #4 was 21%, a 4 fold increase 
compared with the minimum defrost efficiency from Test #2.
Table 6.10 - Summary o f experimental results for each defrost from Test #4 (MDC-A -20°C/+15°C).
Defrost perform ance da ta D ef #1 D ef #2 D ef #3 Def #4 Total
Defrost duration (s) 915 916 936 945 3,712
Time between defrosts (s) 11,522 9,581 10,216 9,945 41,264
Melt mass (kg) 2.4 2.1 2.2 2.2 8.9
Difference (%) -13% -8% -8%
Fuel consumption (ml) 538 538 576 577 2,229
Compressor heat input (kJ) 4,099 4,180 4,553 4,512 17,344
Heat supplied to melt frost (kJ) 4,034 4,089 4,433 4,409 16,965
Heat removed with melt (kJ) 973 861 932 939 3,704
Heat transfer to compartment (kJ) 600 606 625 630 2,461
Defrost efficiency (%) 24 21 21 21 22 (avg)
Table 6.11 presents defrost experimental results from Test #9 and these can be 
compared against results from Test #6 in Table 6.7. Just 4 demand defrost cycles 
were performed in Test #9 compared with 13 defrosts in Test #7. Defrost 
efficiencies were also superior in Test #9 ranging from 17% to 35% compared with 
2% to 32% in Test #7. During the first defrost from Test #9, 3.8 kg of melt was 
collected which was notably higher than the 1.9 to 2.3 kg removed during defrosts 
#2 to #4. This is due to a greater frost mass accumulating on the air outlet face of the 
evaporator coil during pull-down to the compartment set-point temperature. In 
contrast, frost predominantly accumulates on the air inlet face o f the evaporator coil 
when the system is operating at set-point temperature. This leads to a reduction in 
frost accumulation on the evaporator surface before defrost cycles are activated, as 
the results from defrosts #2 to #4 show.
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While the mass of melt removed during defrosts #2 to #4 in Test #9 was similar to 
the mass removed during defrosts #2 to #4 in Test #4 the defrost times were on 
average 10% shorter during Test #9. This results from the compressor generating 5.5 
kJ/s at the higher ambient temperature o f +30°C during defrosts in Test #9 in 
contrast to just 4.7 kJ/s in Test #4.
Table 6.11 - Summary o f  experimental results for each defrost from Test #9 (MDC-A -20°C/+30°C).
Defrost perform ance da ta Def #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 916 789 869 852 3,426
Time between defrosts (s) 12,182 7,751 9,384 7,614 36,931
M elt mass (kg) 
Difference (%)
3.8 2.2
-42%
2.3
-39%
1.9
-50%
10.2
Fuel consumption (ml) 518 458 502 490 1,968
Compressor heat input (kJ) 4,515 4,137 4,811 4,813 18,276
Heat supplied to melt frost (kJ) 4,473 4,062 4,698 4,693 17,926
Heat removed with melt (kJ) 1,569 900 941 793 4,204
Heat transfer to compartment (kJ) 802 682 761 725 2,971
Defrost efficiency (%) 35 22 20 17 24 (avg)
Although defrost cycle efficiencies were more consistent in Tests #4 and #9 they still 
measured significantly lower compared to the defrost efficiencies recorded for the 
0°C set-point temperature in Tests #3 and #8. This is attributable to the difference in 
the frost types at the respective temperatures and the varying thermal properties such 
as thermal diffusivity, thermal effusivity and variation in surface tension. However 
given the depth of the evaporator coil in this TRS Defrost study and non-uniform 
frost build-up, it was not possible to accurately estimate the frost thickness or 
density and therefore the aforementioned thermal properties. Nevertheless, these 
properties could be estimated on a smaller coil with a lower fin density where it is 
possible to visually monitor the frost layer thickness throughout the coil, thereby 
allowing the density to be calculated and allow an analysis of the impact of these 
thermal properties. However, further analysis on these issues went beyond the scope 
of this TRS Defrost study.
A breakdown of the heat loads that occur across the refrigeration system during 
defrost cycles at compartment set-point temperatures of 0°C and -20°C is presented 
in Figure 6.7 for the first defrost cycle from the MDC-A controlled Tests #3 and #4. 
The heat loads presented include;
i. Compressor energy input,
ii. Heat loss on the compressor discharge line,
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iii. Heat expended in the drain pan to melt frost and warm melt falling from 
the evaporator coil,
iv. Heat dissipated from the evaporator coil to melt frost,
v. Heat generated by the evaporator fan,
vi. Heat removed with the melt and
vii. Heat gained by the refrigerated compartment from the warm ambient 
surroundings.
The data presented clearly shows that double the heat is supplied by the compressor, 
expended in the drain pan and dissipated from the evaporator coil during defrosts at 
the 0°C set-point temperature. Also the heat loss on the compressor discharge line 
and heat generated by the evaporator fan are greater at the 0°C set-point due to the
longer defrost times. The heat gained by the refrigerated compartment is greater at
the -20°C set-point due to the increased rate of heat transfer. Most significant of all, 
the heat removed by the melt at the 0°C set-point temperature was 6 times greater 
than the heat removed at the lower set-point temperature of -20°C generating the 
large variation in defrost cycle efficiencies between the set-point temperatures.
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Figure 6.7 - Heat load distribution during defrost cycles at compartment set-point temperatures o f
0°C and -20°C (defrost #1), Tests 3 and #4.
Mago and Sherif (2002) achieved a defrost efficiency of 75.6% for a partially 
dampered (damper located on suction side of coil) industrial coil operating at an
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initial temperature of -14.4°C. The total steam supplied over the 6-hour test period 
was 2.72 kg while the total melt collected during defrost was 1.27 kg. Although the 
operating conditions varied significantly from those presented in this TRS Defrost 
study the defrost efficiency was consistent with the defrost efficiencies achieved at 
the 0°C set-point temperature in Tests #3 and #8.
Mago and Sherif (2002) also studied freezer and defrost performance under 
supersaturated operating conditions. In this case the test duration was 5 hours, the 
initial operating temperature was -16.1°C, while steam was supplied at a rate of 
104.58 x 10f) kg/s [0.38 kg/hr]. Operating the freezer under supersaturated 
conditions was shown to produce a ‘very dense, snow-like frost that was abundant in 
its quantity and stubborn in its removal’ Mago and Sherif (2002). During the 
defrosting process chucks of frost were seen falling from the coil and the great 
difficulty in removing this frost type from the coil was noted. The total melt 
collected during this defrost cycle was 0.362 kg while the defrost efficiency was 
only 21.81%. These results are almost identical to the results of defrost testing at the 
-20°C set-point temperature in this TRS Defrost study in terms of the frost formation 
type, the chucks of frost falling from the coil, the difficulty associated in removing 
this frost type and the defrost efficiencies achieved.
A study by Neiderer, (1976) noted that during defrosts only 15% to 25% of the heat 
required to defrost was removed with the condensate. The remaining 75% to 85% 
was lost to the environment surrounding the unit and to heat the metal o f the coil and 
the cabinet of the air cooler. These results are consistent with the test results from 
this TRS Defrost study during defrost testing at the of -20°C set-point temperature.
Cole, (1989) concluded that ‘typically more than 80%’ of the energy required to 
defrost an evaporator went back into the refrigeration system as an added load. 
While this estimated heat loss of 80% is an accurate estimate for defrosting under 
supersaturated conditions, as shown in this TRS Defrost study for set-point 
temperatures of -20°C and by Mago and Sherif (2002), it is not the case for all 
defrosting conditions. Cole (1989) also stated depending on coil size, configuration 
and materials of construction that a defrost efficiency of 60 to 75% was probably the 
maximum achievable. However, superior defrost efficiencies up to 83% were 
achieved in this TRS Defrost study because of the damper door on the air outlet
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supply preventing evaporated water and sublimated frost from going back into the 
refrigerated compartment during defrosts. A further improvement in defrost 
efficiency of 92% was achieved by Mago and Sherif (2002) by using dampers to 
cover both the suction and discharge faces o f the coil. The defrost results and 
efficiencies achieved by MDC-A in this TRS Defrost study are consistent with the 
findings of previous investigators Neiderer, (1976); Cole, (1989) and Mago and 
Sherif (2002).
A results summary for the RDC and MDC-A at set-point temperatures of 0°C and 
-20°C with an external ambient temperature of +15°C (Tests #1, #2, #3 and #4) are 
presented in Table 6.12. By executing defrost cycles using MDC-A in place of the 
RDC at the 0°C set-point temperature the following improvements were achieved:
i. Reduced the number of defrost cycles carried out by 20%,
ii. Removed 5 kg more frost with one less defrost cycle thereby achieving 
more thorough defrosts
iii. The average duration between successive defrosts was 45% longer
iv. The average defrost cycle efficiency increased by 5%
Table 6.12 - Defrost results summary for the RDC and MDC-A at set-point temperatures 0°C and 
-20°C with an external ambient temperature of+15°C (Tests #1, #2, #3 and #4).
Defrost performance data 0°C Set-point temperature -20°C Set-point temperature
RDC MDC-A RDC MDC-A
Number o f  defrost cycles 5 4 6 4
Defrost duration (s) 7,363 7,479 4,479 3,712
Time between defrosts (s) (avg) 14,187 20,527 4,311 9,914
Melt mass (kg) 61.4 66.4 4.7 8.9
Fuel consumption (ml) 4553 4,583 2,732 2,229
Compressor heat input (kJ) 36,314 36,257 21,248 17,344
Heat supplied to melt frost (kJ) 35,347 35,782 20,698 16,965
Heat removed with melt (kJ) 25,643 27,656 1,937 3,704
Heat transfer to compartment (kJ) 2,069 2,114 3,022 2,461
Defrost efficiency (%) (avg) 72 77 9 (avg) 22 (avg)
As a result of carrying out defrosts using MDC-A at the -20°C set-point temperature 
the following improvements were achieved:
i. Reduced the number of defrost cycles carried out by 33%
ii. The average mass of melt removed per defrost was 184% greater
iii. The average duration between successive defrosts was 129% longer
iv. The average defrost cycle efficiency was 2.4 times greater
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6.5.2 Repeatability Analysis of the Modified Defrost Control-A (MDC-A)
Repeatability results for MDC-A at set-point temperatures of 0°C and -20°C in an 
external ambient temperature of +30°C (repeat of Tests #8 and #9) are presented in 
Figure 6.8. The results clearly demonstrate the effectiveness of the new defrost 
termination control, employed by MDC-A in consistently ensuring the execution of 
thorough defrost cycles. Consequently a minimum and non-diminishing duration 
between successive defrosts was achieved.
Test Duration, t (hr)
Figure 6.8 - Repeatability o f  MDC-A test results at set-point temperatures o f  0°C and -20°C in an 
ambient temperature o f  +30°C, Tests #8 and #9.
Through maximising the times between successive defrosts, the number of defrost 
cycles carried out by the system was reduced thereby minimising the number of 
temperature swings within the refrigerated compartment.
6.6 DEFROST CYCLE PERFORMANCE USING MODIFIED DEROST 
CONTROL B (MDC-B)
All defrost cycles reported so far, whether executed using either RDC or MDC-A 
have been executed with the compressor operating at 1450 rpm (low-speed defrost). 
The second modified defrost control algorithm (MDC-B) was introduced to 
investigate the impact of increasing the compressor speed to 1900 rpm (high-speed
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defrost) during defrost so that the subsequent effects on defrost durations, fuel 
consumption and defrost efficiency could be accessed. MDC-B employed the same 
initiation and termination control functions as MDC-A. The 24-hour long tests were 
conducted at the 0°C set-point temperature in ambient temperatures of +15°C and 
+30°C and the results are presented in Figure 6.9.
Test Duration, t (hr)
Figure 6.9 - Sustained time intervals between successive defrost cycles achieved by the 
implementation o f the M odified Defrost Control -  B (MDC-B) during Tests #10 and #11.
A detailed analysis of the experimental results from Tests #10 and #11 are provided 
in Tables 6.13 and 6.14 respectively. Just 3 defrost cycles were executed in Test #10 
while 4 defrosts were executed in Test #11. The average defrost time in Test #10 
was 1,322 seconds, which equates to a 29% reduction when compared with results 
from Test #3. The average melt removed during Test #10 was 17.4 kg, which was 
marginally higher than the average melt of 16.6 kg removed during Test #3. The 
instantaneous heat supplied during high speed defrosts measured 20% greater in Test 
#10 yet defrost cycle efficiencies were relatively unchanged at 78%. Apart from the 
reduced defrost times the significant advantage of performing high-speed defrosts 
was the reduction in heat transferred to the refrigerated compartment. The total heat 
transferred to the compartment from the warm ambient surroundings averaged 28% 
less in Test #10.
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Defrost performance data D ef #1 D ef #2 D ef #3 Total
Defrost duration (s) 1,244 1,369 1,355 3,968
Time between defrosts (s) 17,997 23,469 25,128 66,594
Melt mass (kg) 16.2 17.9 18.1 52.2
Difference (%) +10% +12%
Fuel consumption (ml) 1,201 1,315 1,305 3,821
Compressor heat input (kW) 9,019 9,889 9,839 28,747
Heat supplied to melt frost (kW) 9,173 10,015 10,037 29,224
Heat removed with melt (kW) 7,092 7,877 7,830 22,800
Heat transfer to compartment (kW) 364 394 384 1,142
Defrost efficiency (%) 77 78 78 78
It is also interesting to note the heat supplied during the high-speed defrosts from 
Test #10 was greater than the heat generated by the compressor. This results from 
the evaporator fan generating more heat than the heat energy lost from the 
compressor discharge line during defrosts.
In Table 6.14 the total time spent defrosting in Test #11 was 31% less than the total 
defrost time from Test #8. There was no difference in the mass of melt collected 
during defrosts in Tests #8 and #11. The total heat transferred from the warm 
ambient surroundings to the refrigerated compartment fell by 30% in Test #11 
compared to the results from Test #8.
Table 6.14 - Summary o f experimental results for each defrost from Test #11 (MDC-B 0°C/+30°C)1.
Defrost performance data Def #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 1,163 1,037 1,126 1,001 4,327
Time between defrosts (s) 18,423 17,930 19,449 17,977 73,779
M elt mass (kg) 16.1 14 15.2 13.4 59
Difference (%) -13% -6% -19%
Fuel consumption (ml) 1,106 986 1,069 961 4,122
Compressor heat input (kW) 8,873 8,133 8,673 8,039 33,719
Heat supplied to melt frost (kW) 8,828 8,111 8,640 7,877 33,456
Heat removed with melt (kW) 6,742 5,939 6,477 5,766 24,925
Heat transfer to compartment (kW) 599 587 641 575 2402
Defrost efficiency (%) 76 73 75 73 75 (avg)
The variation in instantaneous compressor power and refrigerant mass flow rate for 
compressor speeds of 1450 rpm and 1900 rpm during the first defrost cycle from 
Tests #3 and #10 respectively is illustrated in Figure 6.10. The compressor power 
increased by as much as 56%, while the refrigerant mass flow rate increased by 29% 
during steady state high speed defrosting.
1 Note defrost cycles controlled by MBC-B were run at high speed (1900rpm)
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Although the average compressor power increased from 4.85 kJ/s to 7.24 kJ/s during 
high-speed defrosts the average energy generated by the compressor per litre of fuel 
consumed by the refrigeration system engine decreased from 7911 kJ/litre on low- 
speed to 7523 kJ/litre on high-speed.
Time, t (s)
Figure 6.10 - Instantaneous compressor power and refrigerant mass flow rate for the first defrost
cycle from Tests #3 and #10.
Surprisingly the refrigerant condensing temperature in the evaporator coil during 
steady-state defrosting conditions for both low and high speed defrosts were 
identical, ranging from +0.5°C to +1.5°C. Given that the compressor discharge 
pressure increased by approximately 34 psi when the system performed high-speed 
defrosts it was anticipated both the evaporator pressure and refrigerant condensing 
temperature would also have increased. It is believed that irrespective of the pressure 
at the distributor inlet, the pressure in the evaporator coil was indirectly influenced 
by accumulated frost on the evaporator surface, considering the evaporator pressure 
only began to increase when the coil was completely clear of frost as shown 
previously in Figures 5.7 and 5.12.
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6.7 DEFROST CYCLE PERFORMANCE USING MODIFIED DEROST 
CONTROL C (MDC-C)
The implementation of MDC-A maintained consistent time between defrosts and 
improved defrost cycle efficiencies particularly at the lower set-point temperature of 
-20°C. However, the times between defrosts were still quite small compared with the 
results recorded at the 0°C set-point temperature. Results in section 4.2.7 showed the 
cooling requirement only increased by 20% at the -20°C set-point temperature due to 
the impact of frosting prior to defrost initiation. This was significantly less than the 
150% increase in cooling requirement required prior to defrost initiation at the 0°C 
set-point temperature. Therefore, it was decided to allow the refrigeration system 
operate for longer durations between defrosts at the -20°C set-point temperature. 
This was achieved by increasing the defrost initiation control from +8.3°C to 
+11.1°C giving the basis for MDC-C in Test #12. The results obtained are plotted in 
Figure 6.11 alongside the defrost times from the equivalent Test #9 using MDC-A.
Test Duration, t (hr)
Figure 6.11 - Extended time intervals between successive defrost cycles in Test #12 achieved by 
implementing MDC-C, versus defrost times from Tests #9 MDC-A.
Test #12 was extended to 13 hours to capture the fourth defrost cycle. Interestingly, 
the first defrost cycle from Test #12 began 731 seconds before the defrost #1 from 
Test #9. Also Table 6.15 shows that the mass of melt removed during defrost #1
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from Test #12 was only 3.5 kg, compared with the 3.8 kg removed during defrost #1 
from Test #9. It is assumed that defrost #1 from Test #12 occurred earlier due to 
frost accumulating predominantly on the evaporator air inlet face of the evaporator 
coil, as opposed to the remainder of the coil surface. The average air velocity 
measured just before defrost #1 from Test #12 was 45% less than the air velocity 
measured before defrost #1 from Test #9 thereby supporting the aforementioned 
assumption.
Table 6.15 - Summary o f  experimental results for each defrost from Test #12 (MDC-C -20°C/+30°C).
Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 869 820 946 744 3,379
Time between defrosts (s) 11,450 9,693 10,678 10,743 42,564
Melt mass (kg) 3.5 2.4 2.5 2.2 10.6
Difference (%) -31 -30 -37
Fuel consumption (ml) 498 472 538 436 1,944
Compressor heat input (kW) 4,329 4,585 5,370 3,835 18,119
Heat supplied to melt frost (kW) 4,248 4,404 5,141 3,711 17,504
Heat removed with melt (kW) 1,434 992 1,032 870 4,328
Heat transfer to compartment (kW) 812 805 897 716 3,231
Defrost efficiency (%) 34 23 20 23 25
Surprisingly, the overall time spent defrosting in Test #12 was 47 seconds less than 
during Test #9. This is most likely a result o f the slightly higher average ambient 
temperature of +31°C recorded during defrost cycles in Test #12 as opposed to an 
average ambient temperature of +29°C during Test #9. As a result of the reduced 
defrost times the total heat generated by the compressor and fuel consumed by the 
system were both 1% lower. Yet the total melt removed during Test #12 increased 
by 0.4 kg and the average defrost cycle efficiency was 1% higher in Test #12. 
However, the most significant result to transpire from the implementation MDC-C 
was the longer duration between successive defrost cycles, which increased by an 
average 26% (2,122 seconds).
One of the main concerns evaluated before performing Test #12 was the risk of the 
compressor pulling a vacuum due to low evaporating temperatures brought about by 
frost growth. However, the compressor inlet pressure did not drop below 9 psig in 
Test #12 matching the lowest inlet pressure recorded during Test #9.
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6.8 THE EFFECTS OF A HEAT LOAD TO SIMULATE HEAT OF 
RESPIRATION FROM PRODUCE
The study so far has focused on the performance and enhancement o f demand 
defrost control algorithms. This section analyses the impact of a heat load to 
simulate heat of respiration from fresh fruits and vegetables over a 24-hour test at a 
set-point temperature of 0°C. A list of fresh fruits and vegetables that are typically 
transported at 0°C are presented in Table 6.16 along with the following key 
statistics:
i. Heat production from the respective fruit/vegetable per 1000 kg sourced 
from the Guide to Food Transport, Fruit and Vegetables (1989),
ii. Total weight o f produce for a completely loaded Reefer, Rogers (2007),
iii. Heat production range for a completely loaded Reefer.
Table 6.16a - Recommended transport temperature for various fruits transported at 0°C, heat 
production per 1000kg, respective weight per load and heat production range.
Fruits
Recommended 
temperature (°C)
Heat production 
W / 1000kg'
Produce weight 
per load2
Total heat load 
from produce (W)
Apples 0 - 4 5 - 1 0 22,000kg 110 - 220
Apricots 0 - 4 1 0 -4 0 22,000kg 220 - 880
Grapes 0 - 4 5 - 1 0 22,000kg 110-220
Peaches 0 - 4 1 0 -2 0 22,000kg 220 - 440
Table 6.16b - Recommended transport temperature for various vegetables transported at 0°C, heat 
production per 1000kg, respective weight per load and heat production range.
Vegetables
Recommended 
temperature (°C)
Heat production 
W / 1000kg1
Produce weight 
per load2
Total heat load 
from produce (W)
Broccoli 0 - 4 50 -190 15,000kg 750 - 2850
Cabbage 0 - 4 60 - 100 22,000kg 1320 - 2200
Carrots 0 - 4 2 5 -3 0 22,000kg 550 - 660
Cauliflower 0 - 4 5 0 -7 5 22,000kg 1100- 1650
Lettuce 0 - 4 1 5 -4 0 12,000kg 1 8 0-480
Based on the heat load information provided in Table 6.16 it is possible that up to 
2.85 kW of heat can be produced from respiring vegetables. To simulate this heat 
load a 2 kW custom built heater with a fixed heat output was employed, Figure 6.12. 
The heater was composed of two 1 kW tubular heater elements attached to a robust 
steel frame and connected to a single-phase power supply. The heater remained 
powered for the entire test period, including defrost cycles.
1 Data sourced from the Guide to Food Transport, Fruit and Vegetables, (1989)
2 Data provided by Rogers, (2007)
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F igure 6.12 - Photo o f  2 kW  heater employed to generate the heat load required during Test #13 to 
replicate heat o f  respiration from fresh fruits and vegetables.
During Test #13 MDC-A was used to control the initiation and termination of 
demand defrosts and the experimental results of all 4 defrost cycles are presented in 
Table 6.17. The total defrost time in Test #13 was 5% shorter than defrost time from 
Test #9, while the times between successive defrost cycles was an insignificant 1% 
longer. The melt collected and defrost cycle efficiencies from Test #13 were also 
consistent with the results recorded during in Test #8. The average temperature 
increase in the refrigerated compartment during defrost cycles in Test #13 was 12°C, 
which equates to an average temperature increase of 1°C every 124 seconds. In 
contrast the average temperature increase during defrosts in Test #8 was 7.6°C an 
increase rate of 1°C every 208 seconds.
Table 6.17 - Summary o f  experimental results for each defrost from Test #13 (MDC-A 0 °C /+30°C).
Defrost performance data D ef #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 1,378 1,457 1,643 1,465 5,943
Time between defrosts (s) 18,543 18,934 20,243 19,067 76,787
Melt mass (kg) 13.5 13.7 15.0 14.0 56.1
Difference (%) +1 +11 +4
Fuel consumption (ml) 776 821 926 825 3,348
Compressor heat input (kJ) 6,693 7,023 7,802 7,231 28,749
Heat supplied to melt frost (kJ) 6,569 6,884 7,670 7,070 28,193
Heat removed with melt (kJ) 5,412 5,447 6,040 5,651 22,550
Heat transfer to compartment (kJ) 644 652 691 697 2,685
Defrost efficiency (%) 82 79 79 80 80
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Consequently the heat gained by the refrigerated compartment from the warm 
ambient surroundings in Test #13 was on average 21% lower than Test #8 due to 
smaller temperature differential between the compartment and ambient air 
temperature. The total time expended maintaining set-point temperature (excluding 
pull-down to set-point temperature and defrost cycles) was 79,158 seconds. The 
refrigeration system spent 65,578 seconds of this time functioning on cool mode, 
83% of the total refrigeration time. During Test #9 the total refrigeration time was 
78,913 seconds of which 61,030 seconds was expended on cool mode, 77% of the 
total refrigeration time.
The results show the air temperature within the compartment increases at a higher 
rate during defrosts in Test #13 while the refrigeration system spends approximately 
6% longer operating on cool mode. However, the overall impact of the heat load in 
terms frost build-up, defrost times, defrost heat loads and defrost cycle efficiencies 
was negligible. In addition, MDC-A ensured reliable, non-diminishing refrigeration 
times between defrosts.
6.9 ENHANCED DEMAND DEFROST CONTROL ALGORITHMS
The previous sections identified the weaknesses of the current demand defrost 
control algorithm (RDC) utilised by the SL200e refrigeration system and continued 
by describing the development and implementation of enhanced demand defrost 
controls to overcome these deficiencies. Through the use of a temperature sensor 
insulated on the suction line immediately downstream of the evaporator coil it was 
possible to reliably terminate defrosts at the most appropriate time. Rather than 
introduce a new and additional temperature sensor to the control system of the 
SL200e refrigeration system it was decided to relocate the current evaporator coil 
temperature sensor from its location at the top of the evaporator coil to the suction 
line downstream of the evaporator coil. Relocating the evaporator coil temperature 
sensor required the introduction of new demand defrost initiation controls for the 
SL200e controller so demand defrost cycles would still be initiated with the same 
degree of evaporator frosting. The new demand defrost initiation controls for the 
relevant evaporator air inlet temperature ranges are presented in Table 6.18.
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Table 6.18 - Enhanced demand defrost control algorithms (MDC-A) for a given evaporator air inlet 
temperature with the evaporator coil temperature sensor positioned on the evaporator outlet line.
E vaporato r A ir In let T em peratu re  (EAIT) SL200e D em and D efrost Initiation.
Degrees C Temp. Differential value (AT = EAIT-EVOT)
7.2 < EAIT <15 .6 > 30 .0
-3.9 < EAIT < 7 .2 > 22 .0
-17.8 < EAIT < -3 .9 > 14 .0
EAIT < -17.8 > 11 .5
In the event of failure to the evaporator air inlet temperature sensor the SL200e 
refrigeration system will maintain set-point temperature using the evaporator air 
outlet temperature sensor. Present demand defrost controls are identical regardless of 
the temperature sensor used to control the compartment temperature. However to 
initiate demand defrosts when the compartment temperature is regulated by the 
evaporator air outlet temperature new demand defrost controls need to be introduced 
so the levels of frost accumulation remain consistent. The new demand defrost 
initiation control algorithms for evaporator air outlet temperature control with the 
evaporator coil sensor positioned and insulated on the suction line, downstream of 
the evaporator coil are presented in Table 6.19. All defrost cycles are terminated 
when the refrigerant temperature measured by EVOT exceeds +10°C.
Table 6.19 - Enhanced demand defrost control algorithms for a given evaporator air outlet 
temperature with the evaporator coil temperature sensor positioned on the evaporator outlet line.
E vaporato r A ir O utlet T em peratu re  (EAOT) SL200e D em and D efrost In itia tion .
Degrees C Temp. Differential value AT EAOT-EVOT
7.2 < EAOT < 15.6 > 2 0
-3.9 < EAOT < 7 .2 > 14.5
-17.8 < EAOT <-3.9 > 10.0
EAOT <-17.8 > 7 .5
6.10 CONCLUSIONS
A thorough experimental analysis on the performance of the Reference Defrost 
Control (RDC) currently employed by the SL200e refrigeration system was carried 
out. A common and undesirable trend to emerge was the decreasing time intervals 
between successive defrost cycles. This was caused by defrosts being terminated 
before all frost had melted from the evaporator coil. During Test #1 the time 
between successive defrosts decreased from a maximum of 18,824s to 10,663s a 
43% reduction. Furthermore defrost cycle times fell by 22% while the defrost cycle 
efficiencies also decreased from 77% to 65% for defrosts #1 and #5 respectively. At
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the lower compartment temperature of -20°C during Test #2, the time between 
successive defrosts fell from 10,449s to 2,353s a 77% reduction. As the test 
progressed defrost cycle efficiencies decreased from 21% to 5%.
The introduction of MDC-A led to thorough defrost cycles being executed on a 
consistent basis, which resulted in sustained time intervals between successive 
defrosts, fewer defrost cycles and superior defrost efficiencies. The minimum 
duration between successive defrosts in Tests #3 and #4 was 18,600s and 9,581s 
respectively, while the lowest defrost efficiencies recorded were 74% and 21%, a 
considerable improvement compared with defrost results from Tests #1 and #2. Due 
to extended durations between successive defrosts the number of defrost cycles 
carried out also decreased by 20% and 33% for set-point temperatures 0 and -20°C.
Defrost cycles controlled using MDC-B (Test #10) were on average 29% shorter 
compared to defrosts executed using MDC-A (Test #3) yet defrost cycle efficiencies 
remained the same, ranging from 77 -  78%. The average heat gained by the 
compartment per individual defrost fell by 29% as a result of the shorter defrost 
times.
The execution of MDC-C led to a 26% increase in the average duration between 
successive defrost cycles compared to results from Test #9 where MDC-A was 
employed. Although the average time between successive defrosts was longer, the 
total mass of melt removed only increased by 4%, overall defrost time decreased by 
1%, while defrost cycle efficiencies averaged 1% better.
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The previous chapter concentrated on the assessment and development o f enhanced 
demand defrost control algorithms which included quantifying the heat generated by 
the compressor, heat removed with melt and defrost cycle efficiencies. This chapter 
focuses on three future concepts that may lead to further improvements of defrost 
performance. The first initiative investigates the impact o f increasing the compressor 
throttling pressure in relation to defrost cycle times, cycle efficiencies and heat 
generated by the compressor. The second concept looks at the use of a semi- 
empirical compressor model to accurately predict refrigerant mass flow rates and 
heat generated by the compressor during defrosts. A reliable compressor model 
should prove a useful tool for future researchers investigating defrosting 
performance and eliminate the need for an expensive mass flow meter. The final 
idea describes an enhanced Timed-Demand defrost control strategy aimed at 
eliminating unnecessary timed defrosts through the more effective utilisation of 
instrumentation already available on the refrigeration system.
7.1 EFFECTS OF COMPRESSOR THROTTLING PRESSURE
All Thermo King refrigeration systems employ a compressor throttle valve, which is 
used to limit the amount of low-pressure vapor entering the compressor. The SL200e 
refrigeration system in this TRS Defrost study uses a Mechanical Throttle Valve 
(MTV) to limit the compressor inlet pressure to 32 psi. The Electronic Throttling 
Valve (ETV) will become a more common feature replacing the MTV on future 
Thermo King trailer refrigeration systems. The Smart Reefer 2 microprocessor 
commonly referred to as the SR2 is used to control the ETV operation. On the SR2 
microprocessor there are two options for ETV control when the system operates on 
heat and defrost modes:
i. Standard ETV control which regulates the throttling pressure to 32 psi,
ii. Secondary ETV control which allows a throttling pressure of up to 50 psi. 
To achieve a throttle pressure setting of 50 psi on the refrigeration system in this 
TRS Defrost study, the original throttle valve cover was removed and replaced with a 
custom made cover comprising of 4 M8 bolts. The bolts were adjusted to apply an 
evenly distributed force on the throttle valve spring until the throttling pressure 
increased to 50 psi against an evaporator pressure of 73 psi (evaporator pressure 
during defrost cycles). Test #14 was carried out to investigate the impact of this 
increased throttle pressure on overall system performance with particular emphasis
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on defrosting. Defrost cycles were initiated and terminated using MDC-A to ensure 
thorough defrosts were executed and results compared with test results from Test #8 
which also employed MDC-A. A summary of the operating conditions for Tests #8 
and #14 are presented in Table 7.1.
Table 7.1 - Operating condition for defrost tests #8 and #14.
Test No. Set-point temperature (°C)
Ambient 
temperature (°C)
Steam input 
rate (kg/s) [kg/hr]
Defrost
control
Throttle
pressure (psi)
8 0°C +30°C 1.25x1  O'3 [4.5] MDC-A +32
14 o°c +30°C 1.25x1  O'3 [4.5] MDC-A +50
During the first 24 hours of Test #14 only 3 demand defrost cycles were executed. 
To capture a fourth successive defrost the test duration was extended to 26 hours. 
The time each defrost cycle occurred during Tests #8 and #14 is presented in Figure 
7.1. The results show a slight increase in the duration between successive defrost 
cycles in Test #14 brought about by the higher compressor throttle pressure.
Test Duration, t (hr)
Figure 7.1 - Sustained time intervals between successive defrost cycles using the Modified Defrost 
Control - A (MDC-A) during Tests #8 and #14.
Defrost experimental results for individual defrost cycles from Test #14 are 
summarised in Table 7.2. The average defrost time in Test #14 was 3% longer than 
defrost times in Test #8. However, the average mass of melt removed during defrosts 
increased by 25% in Test #14.
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Table 7.2 Summary o f experimental results for each defrost from Test #14 (MDC-A 0 °C /+30°C).
Defrost perform ance data Def #1 D ef #2 D ef #3 D ef #4 Total
Defrost duration (s) 1,609 1,586 1,631 1,619 6,445
Time between defrosts (s) 21,738 20,957 20,395 20,519 83,609
Condensate mass (kg) 19.0 17.9 18.3 18.0 73.2
Difference (%) 6% 4% 5%
Fuel consumption (ml) 1,098 1,028 1,059 1,034 4,218
Compressor heat input (kJ) 9,304 9,192 9,505 9,437 37,438
Heat supplied to melt frost (kJ) 9,434 9,268 9,559 9,535 37,796
Heat removed with melt (kJ) 7,682 7,288 7,513 7,430 29,913
Heat transfer to compartment (kJ) 866 834 892 837 3,429
Defrost efficiency (%) 81 79 79 78 79
Although defrost times were consistent the heat input from the compressor during 
defrosts increased by 21% on average in Test #14. This results from a higher 
instantaneous compressor power during defrosts caused by the higher throttle 
pressure setting of 50 psi. But this required increased compressor power, which in 
turn increased fuel consumption by 17%. However, the average heat input from the 
compressor per litre of fuel consumed during defrosts in Test #14 was 8876 kJ just 
3% more than the 8630 kJ during defrosts in Test #8. Given defrost times in Tests #8 
and #14 were similar the heat gained by the refrigerated compartment during 
defrosts differed by less than 0.5%. Defrost efficiencies in Test #14 were marginally 
higher averaging 79%, compared with 77% in Test #8.
The compressor power and refrigerant mass flow rates for the first defrost from 
Tests #8 and #14 are presented in Figure 7.2. The abbreviation TP used in Figure 7.2 
refers to the ‘Throttling Pressure’ applicable to the plotted compressor power and 
refrigerant flow rate. During steady-state defrost conditions at the higher throttle 
pressure setting of 50 psi the compressor power averaged 5.7 kW. This is an increase 
in instantaneous power of 19% compared to compressor power output with the 
original throttle pressure setting of 32 psi.
The refrigerant mass flow rate increased by approximately 41% during steady-state 
defrosting conditions in Test #14. Again, the refrigerant condensing temperature in 
the evaporator coil during defrost ranged from +0.5°C to +1.5°C during steady state 
defrosting conditions consistent with the condensing temperature during defrosts 
from Test #8.
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F igure 7.2 - Variation in compressor power and refrigerant mass flow rates during defrosts in Tests 
#8 and #14 due to the difference in throttle pressures.
7.2 COMPRESSOR MODELLING DURING DEFROST CYCLES
As shown in Figure 6.7 the compressor is the key component that generates almost 
all of the heat necessary to melt accumulated frost during the defrost cycle. This 
section examines the ability of a semi-empirical compressor model to reliably 
predict refrigerant mass flow rate and resultant heat input from the compressor 
during low speed defrosts. The purpose of the compressor model is to provide a tool 
that can be used in future hot gas defrost studies and make it possible to test without 
the need for expensive refrigerant flow meters and time consuming experimentation.
The refrigerant mass flow rate was calculated as follows (Stoecker and Jones, 1983):
m .. = P,dr
/100Ì
V sue J
(7.1)
Where: mr = refrigerant mass flow rate leaving the compressor (kg/s),
Prf, = compressor displacement rate (m3/s) 
r\vc = compressor volumetric efficiency (%)
vsuc = specific volume of refrigerant entering the compressor (m3/kg)
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The volumetric efficiency for a reciprocating compressor is defined as “the ratio of 
the actual volume induced per cycle to the swept volume”, Rogers and Mayhew 
(1996). The volumetric efficiency for an ideal compressor can be calculated using 
the following equation, Stoecker and Jones (1983):
Vvc = 100-/«
Vsue  j
\ V dis
(7.2)
Where: m = percent clearance, which is constant for a given compressor
o
vsuc = specific volume of vapor entering the compressor (m /kg)
VdiS = specific volume of vapor leaving the compressor after isentropic
■>
compression (m /kg)
The percent clearance is calculated as follows, Stoecker and Jones (1983):
m = - V-c—  100 (7.3)
r,-K
Where: Vc = Clearance volume (or minimum volume), which occurs when the 
piston stroke is at top dead centre (m )
Vs = The maximum volume of the cylinder, which occurs when the piston 
stroke is at bottom dead centre (m )
The volumetric efficiency for the X426 compressor used in this TRS Defrost study 
was calculated using a numerical equation developed by Erickson, L. (1996).
7VC = AO + A lx  P + A 2x + A3 x x  P  (7.4)
V Vsue sue
Where: Prpm = Compressor rotational speed (rpm)
•i
Vdis= specific volume at the compressor outlet (m /kg) 
vsuc -  specific volume at the compressor inlet (m3/kg)
The coefficients AO to A4 are presented in the following Table 7.3.
Table 7.3 Defining coefficients AO through A4 employed in the volumetric efficiency numerical 
model in equation 7.2.
Coefficients in equation 7.2 Value
AO 100.3014543
A1 -0.003453032
A2 -5.287354113
A3 0.001066721
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It was noted in Figure 7.3 that the numerical model (equation 7.2) used to predict the 
compressor volumetric efficiency marginally over estimated this efficiency by 
between 2.4 and 4.2% during defrosts when compared against the experimental 
volumetric efficiency.
Time, t (s)
Figure 7.3 - Variation in experimental and simulated compressor volumetric efficiencies during
Defrost #1 from Test #3.
Therefore the volumetric efficiency was scaled using a new coefficient, A4 = 0.962 
determined during this TRS Defrost study and calculated using equation 7.5.
V De f - Vc =  ( 7 -5 )
The error between the experimental and simulated volumetric efficiency was 
reduced to between -1.6% and +0.3% during steady state conditions as shown in 
Figure 7.3.
Figure 7.4 presents the experimental mass flow rate and compressor heat input 
against those predicted by equation 7.1 for defrost #1 from Test #3 where the 
compartment set-point temperature and ambient temperature were 0°C and +15°C 
respectively. For 97% of this defrost duration the error between the experimental and 
simulated mass flow rate was less than ±3%. At defrost initiation and termination, 
periods of transition (refrigeration system switches from cool to defrost or vice
163
Chapter 7 : Modifications fo r  Defrost Cycles on Future Transport Refrigeration Systems
versa) the discrepancies ranged between +7% and -14% respectively. It is believed 
that these errors are most likely caused by the delayed response time of the 
thermocouples measuring refrigerant temperature at the compressor inlet and outlet 
as the measured values approached the predicted values in time.
Time, t (s)
Figure 7.4 - Comparison o f the experimental and simulated compressor power and refrigerant mass
flow rate for Defrost #1 from Test #3.
When a defrost cycle is executed for a compartment set-point temperature of -20°C 
the refrigerant temperatures and pressures increase steadily over the cycle duration 
(Sections 5.4.3 and 5.4.4). This contrasts to stable temperatures and pressures for 
defrosts performed at a 0°C set-point temperature. Figure 7.5 contrasts the 
experimental and simulated mass flow rate and compressor power data for defrost #1 
from Test #4 (compartment set-point temperature of -20°C, ambient temperature of 
+15°C). During the first 720 seconds of the test (79% of the total defrost time) the 
relative error between the experimental and simulated mass flow rate measured less 
than ±6%. Towards the latter stage of the defrost cycle this error increased to -10%.
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Time, t (s)
Figure 7.5 - Comparison o f  the experimental and simulated compressor power and refrigerant mass
flow rate for Defrost #1 from Test #4.
Given that the numerical model is capable of predicting the refrigerant mass flow 
rate during a defrost it made it possible to calculate the total compressor power for a 
complete defrost cycle. The following Table 7.4 compares the experimentally 
calculated compressor power to the compressor power determined using the 
simulated refrigerant mass flow for defrost cycles from Tests #3 and #4 with 
compartment set-point temperatures of 0°C and -20°C respectively and external 
ambient temperature of+15°C.
Table 7.4 Measured and simulated compressor heat input during defrosts from Tests #3 and #4.
Test
No.
Set-point / Amb. 
temperature
Defrost
No.
Experimental 
compressor power
Simulated 
compressor power
Difference
(% )
3 0°C / +15 °C
1 8,231 8,206 -0.31
2 9,338 9,322 -0.16
3 9,289 9,175 -1.23
4 9,399 9,378 -0.22
4 -20°C /+15°C
1 4,099 4,087 -0.30
2 4,180 4,164 -0.39
3 4,553 4,529 -0.51
4 4,512 4,508 -0.08
To aid future defrost testing on the TRS Defrost experimental test rig two refrigerant 
property databases were created within the data acquisition program for refrigerant
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R404a, one for the superheated region and the second for the saturated region. Given 
the pressure and temperature of the superheated refrigerant a “lookup routine” was 
performed and the enthalpy (kJ/kg), specific volume (m3/kg) and entropy (kJ/kg.K) 
properties returned in real-time. Similarly for the saturated region, given the 
refrigerant temperature a “lookup routine” was performed and the enthalpy of 
saturated liquid and enthalpy of vaporisation properties returned in real-time. Given 
the availability of real-time thermodynamic properties for refrigerant R404a, the data 
acquisition system was employed to calculate (in real-time) the refrigerant mass flow 
rate and compressor power using Equations 7.1 and 7.3 thus providing another 
valuable element to the TRS Defrost data acquisition system.
7.3 SL200e Timed Defrost Control Algorithms
Timed defrost control algorithms are also a control feature of the SL200e 
refrigeration system and all Thermo King trailer refrigeration systems. The initial 
defrost “In Range” and “Not In Range” (of set-point temperature) timers can be set 
at intervals of 2, 4, 6, 8 or 12 hours. Initial default “In Range” and “Not In Range” 
times are 6 and 4-hours respectively for fresh and frozen loads. Fresh range settings 
are functional when the set-point temperature is greater than -4°C, while the frozen 
range settings shown in Figure 7.6b operate below -4°C.
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When the refrigeration system operates in the fresh set-point range a warm load 
defrost control becomes active. This defrost control is similar to the adaptive 
demand defrost controls described by Heinzen (1988) for heat pump applications 
and Knoop et al. (1988) for domestic refrigerators, introduced as a replacement for 
fixed time defrosts. The time interval between successive timed defrosts is extended 
or reduced based on the time required to complete the previous defrost cycle. The 
new defrost time interval can be determined from the control algorithms provided in 
Table 7.5.
Table 7.5 - W arm load defrost time adjustments (Thermo King Defrost specification, 2002).
If warm load defrost duration time is: Change previous defrost interval (or default) by:
< 3 0  minutes but > 2 8  minutes Subtracting 15 minutes
< 28 minutes but > 27 minutes Subtracting 14 minutes
< 27 minutes but > 26 minutes Subtracting 13 minutes
<  26 minutes but > 25 minutes Subtracting 12 minutes
< 2 5  minutes but > 24 minutes Subtracting 11 minutes
< 24 minutes but >  23 minutes Subtracting 10 minutes
< 23 minutes but > 22 minutes Subtracting 9 minutes
< 22 minutes but > 21  minutes Subtracting 8 minutes
< 2 1  minutes but >  20 minutes Subtracting 7 minutes
< 20 minutes but > 1 9  minutes Subtracting 6 minutes
< 1 9  minutes but > 1 8  minutes Subtracting 5 minutes
< 1 8  minutes b u t >  17 minutes Subtracting 4  minutes
< 1 7  minutes but > 1 6  minutes Subtracting 3 minutes
< 1 6  minutes but > 1 5  minutes Subtracting 2 minutes
< 1 5  minutes but > 1 4  minutes Subtracting 1 minutes
< 14 minutes but > 13 minutes No change
< 1 3  minutes but > 1 2  minutes Adding 2 minutes
< 1 2  minutes but > 11  minutes Adding 4 minutes
< 1 1  minutes but > 1 0  minutes Adding 6 minutes
< 1 0  minutes Adding 10 minutes
If a timed defrost was completed in 11 minutes, then 6 minutes would be added to 
the initial time interval of 6 hours (assuming the evaporator air inlet temperature 
prior to defrost was within range of the selected set-point temperature).
7.4 ENHANCED TIMED DEFROST CONTROL ALGORITHMS
This section compares the performance of the Reference timed defrost control 
(RTDC) currently used by the SL200e refrigeration system to an enhanced 
“Timed-Demand” defrost control (ETDC). When timed defrosts are executed by the 
SL200e refrigeration system little or no frost is present on the evaporator surface.
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This results in unnecessary defrosts which reduce the efficiency of the system by 
adding a heat load that must be removed in the following cooling cycle. As 
mentioned in the previous section, when an SL200e refrigeration system leaves 
Thermo King’s production facility the default initial “In Range” and “Not In Range” 
timers are set for 6 and 4-hours respectively. Therefore, in a 24-hour period a 
minimum of 4 timed defrosts will be executed irrespective of the degree of frosting.
Test #15 was carried out over a 24-hour test period with a compartment set-point 
temperature of 0°C to profile the typical characteristics of unnecessary timed 
defrosts, Figure 7.7. During this test the humidifier was set for a steam production 
rate of 4.17 x 10'4kg/s [1.5kg/hr] (excluding defrosts). Although there was a slight 
reduction to the discharge air velocity prior to the initiation of the first defrost, this 
did not impede on the dynamic performance of the refrigeration system given the 
temperature difference (TD) between the evaporator air inlet temperature (EAIT) 
and refrigerant temperature at the evaporator outlet (EVOT) did not deviate from the 
norm.
Time, t (8)
Figure 7.7 - Reference timed defrost cycles, set-point temperature 0°C during Test #15.
Between defrosts #1 and #2, #2 and #3, and #3 and #4 the discharge air velocity 
remained relatively constant ranging from 13.3 to 15.2m/s while the temperature
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differential between EAIT and EVOT remained within the temperature range 0.8 to 
3.4°C. It is obvious when each timed defrost cycle was initiated the refrigeration 
system was operating free from the effects of evaporator frosting, revealing none of 
the four timed defrosts were necessary. In this situation the defrost cycles proved 
counter productive given the heat loads associated with defrosting. Following each 
defrost the refrigeration system had to function on high-speed cool for a brief period 
to regain set-point temperature thereby increasing fuel consumption. In an effort to 
avoid unnecessary timed defrosts an “Enhanced Time-Demand” defrost control 
(ETDC) was developed and tested. The primary objective of this new defrost control 
strategy was to ensure timed defrosts did not occur when the evaporator operated 
free from the effects of frosting. This new defrost control strategy was derived from 
knowledge gained in Chapter 4 and integrates the time control with a new minimum 
temperature differential control (between sensors EAIT and EVOT) before a Time- 
Demand defrost cycle is requested. When the system operates free from the 
influence of evaporator frosting the temperature range between EAIT and EVOT 
remains constant Figure 7.8.
Time, t (s)
Figure 7.8 - The effect o f  coil frosting on the temperature differential between the evaporator air inlet 
temperature (EAIT) and refrigerant temperature exiting the evaporator (EVOT) for a 0°C set-point
temperature, Test#8.
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However, as frost began to impact on evaporator performance this temperature 
differential increased until it reached a maximum of 22.4°C moments before the 
initiation of a demand defrost cycle. It was decided to use an intermediate 
temperature differential, in this case 13°C (set-point 0°C), which must be exceeded 
before a Time-Demand defrost is requested.
The control logic for the ETDC is presented in Figure 7.9 and the following 
explanation will describe its functionality from the “START” point. To begin the 
microprocessor checks if the refrigeration system (unit) is running, if  not the control 
goes no further. If the unit is running the control continues to determine if the 
refrigeration system is operating “In Range” or “Not In Range” of the compartment 
set-point temperature and based on this result it checks if  the appropriate defrost 
time interval has elapsed. If not, the control returns to the “START”. Once this 
condition is true the control checks if  there is sufficient frosting on the evaporator 
coil to permit a “Time-demand” defrost. The controller checks the temperature 
differential between the evaporator air inlet temperature and refrigerant temperature 
at the evaporator outlet. If the temperature differential is not exceeded for the 
measured evaporator air temperature then no defrost will take place and all defrost 
timers are re-set, while the Time-Demand defrost control returns to the “START”.
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Figure 7.9 - Defrost control logic for the "Enhanced Time-Demand Control ” ETDC.
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Once the time-demand temperature differential is exceeded, then a Time-Demand 
defrost is initiated, the defrost timers are cleared and the defrost duration timer is 
started. The refrigeration system will remain in defrost until either the defrost 
duration timer expires or the refrigerant temperature at the evaporator outlet 
surpasses +10°C.
When defrost is terminated the defrost duration timer is cleared and the system 
returns to maintaining set-point temperature. This new Time-Demand defrost control 
(ETDC) was tested using Test# 16 with operating conditions identical to those from 
Test#15. No timed defrost cycles were executed over the 24 hour test period as 
indicated in Figure 7.10 allowing the system to operate more efficiently while 
continually maintaining the desired set-point temperature.
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Figure 7.10 - Refrigeration system performance when the Enhanced Time-Demand defrost control is
employed during Test#16.
Demand defrost controls remain functional in parallel with the Time-Demand defrost 
control in the event of significant frost accumulation. In the event of the evaporator 
air inlet or evaporator coil temperature sensor failing timed defrosts would be 
executed using the SL200e RTDC. The ETDC initiation and termination temperature 
control algorithms for appropriate the evaporator air inlet temperatures are specified 
in Table 7.6.
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Table 7.6. Enhanced time-demand defrost initiation and termination control temperatures for the 
applicable evaporator air inlet temperature.
Set-point tem pera tu re Tim ed tem pera tu re  d ifferen tia l (AT) T erm ination  tem pera tu re
EA IT (°C) TD = EA IT -  EV O T (°C) EV O T CC)
7.2°C < EAIT< 15.6°C > 16.0 +10°C
-3.9°C < EAIT < 7.2°C > 13.0 +10°C
-17.8°C < EAIT < -3.9°C > 10.6 +10°C
EAIT < -17.8°C >9.8 +10°C
If the evaporator air inlet temperature measures 0°C, then a temperature differential 
of 13°C must be exceeded before a Timed-Demand defrost cycle can be activated.
7.5 CONCLUSION
This chapter focused on three new variables in relation to defrost performance on 
future refrigeration systems. With the ETV becoming a more common feature on 
transport refrigeration systems it was decided to examine the impact of increasing 
the compressor throttle pressure from 32 to 50 psi. As a result of increasing the 
throttle pressure the refrigeration time between successive defrosts increased by 8% 
on average thereby allowing a greater mass of frost to accumulate on the evaporator 
coil. Through increasing the throttle pressure from 32 psi to 50 psi the compressor 
power increased on average 21% during defrost while the refrigerant mass flow rate 
increased by 41% during steady state defrosting conditions. A semi-empirical 
compressor model was tested which could reliably predict the compressor power to 
within ±3% during defrosts with a compartment set-point temperature of 0°C and 
±6% during defrosts with a compartment set-point temperature o f -20°C not 
including transient conditions at start and end of defrost cycles. The final section 
described the development and implementation of an Enhanced Time-Demand 
defrost control (ETDC) which eliminated unnecessary timed defrost cycles, thus 
improving overall system performance, minimisng the number of temperature 
swings within the compartment which further serves to protect produce in transit.
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8.1 CONCLUSIONS
The main conclusions from this study are outlined below.
This research sought to; i) conduct a thorough review of the literature related with 
frost build-up, defrosting dynamics and demand defrost control strategies; ii) design, 
build and commission an experimental test facility capable of generating a wide 
range of operating conditions, while monitoring and controlling system behaviour; 
iii) profile the impact of evaporator frosting on dynamic behaviour of a transport 
refrigeration system for simulated fresh (0°C) and frozen (-20°C) conditions; iv) 
characterise the dynamic behaviour of the SL200e refrigeration system during hot 
gas defrost cycles; v) assess the performance of the Reference Defrost Control 
(RDC) employed by the SL200e refrigeration system and vi) develop enhanced 
demand defrost control strategies for optimum defrost performance. The main 
conclusions of this research are listed below.
Overall this study delivered;
• A thorough literature review of the pertinent literature
The first comprehensive and flexible test facility for the evaluation of 
defrost control strategies for transport refrigeration systems.
• A profile of the effects of evaporator frosting on the dynamic behaviour of a 
transport refrigeration system and the associated impact on the cooling load.
• Characterisation of the dynamic behaviour of a transport refrigeration 
system during hot gas defrost cycles.
Test results for three Modified Defrost Controls (MDC-A, B and C) with all 
controls yielding better overall performance than the Reference Defrost 
Control (RDC)
• An Enhanced Timed-Demand Defrost Control (ETDC), which eliminated 
timed defrost cycles when no frost was present on the evaporator surface.
The key points are expanded in the following text.
A thorough review of the literature was conducted. While the literature review 
identified a number of key findings in relation to the frosting and defrosting 
processes none of the studies considered these effects for a transport refrigeration 
system. It did however repeatedly show that demand defrost controls had the
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potential to reduce the number of defrost cycles, increase the times between defrosts 
and eliminate unnecessary defrost cycles, which were all goals of this TRS Defrost 
study. However, these various controls were developed as a replacement for timed 
defrost controls but the optimisation of these controls was not discussed. 
Furthermore, these controls were only tested on domestic refrigerators and air source 
heat pumps, which operate under conditions that differ greatly to those encountered 
by a transport refrigeration system. Hence, while providing a useful indicator o f 
potential performance improvements no previous study targeted transport 
refrigeration systems.
A new experimental test facility was specifically designed and commissioned which 
was capable of generating a wide range of operating conditions including the 
frosting and defrosting processes. The experimental test facility consisted of the 
SL200e transport refrigeration system, upon which the characterisation and 
enhancements of the demand defrost controls were carried out, a refrigerated 
compartment, an extensive range of instrumentation to monitor system performance 
and a data acquisition and control system (DAQ). The DAQ system allowed the 
performance of the refrigeration system to be continually monitored and in addition 
the independent control of the system during the development and execution of 
enhanced demand defrost control strategies. This made it possible to; i) investigate 
the effects of evaporator frosting; ii) profile system dynamics during hot gas defrosts 
and iii) evaluate the performance of demand defrost control strategies. Overall the 
experimental test facility allows the user complete control to generate a variety of 
operating conditions, conduct experiments, record data and both implement and test 
new defrost control strategies.
This is the first study to describe and list in sequence the effects of evaporator 
frosting on the dynamic performance of a transport refrigeration system. Visual 
images of frost growth for compartment set-point temperatures of 0°C and -20°C are 
presented. As frost accumulates on the evaporator coil the discharge air velocity, 
evaporator inlet and outlet refrigerant temperatures, system pressures and evaporator 
air outlet temperatures decrease on cool mode. This is also the first study to outline 
the refrigeration system response to frost build-up. At the 0°C set-point evaporator 
frosting caused the system to operate 7% longer on cool mode, the LMTD
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experienced a 7-fold increase while the cooling input power increased by 250%. At 
the -20°C set-point temperature the LMTD experienced a 2.1 fold increase while the 
cooling input power increased by 20%.
This is the first study to profile the dynamic behaviour of a transport refrigeration 
system during hot gas defrost cycles at set-point temperatures of 0 and -20°C. Visual 
images of the defrosting process for both set-point temperatures were presented. 
These images captured the 4 stages of the idealised defrosting process; i) preheating, 
ii) melting, iii) vaporising and iv) dry heating as defined by Krakow et al. (1992a). 
During stage I of the defrost cycle at 0°C the evaporator outlet refrigerant 
temperature and pressure increased steadily. Throughout stage II the evaporator 
outlet refrigerant temperature and pressure remained constant during the melting and 
vaporising stages. In the final stage III both the evaporator outlet refrigerant 
temperature and pressure increased steadily until defrost termination. The 
thermodynamic process for steady-state defrosting conditions at a compartment set- 
point temperature of 0°C was also defined. Early defrost tests established that the 
production accumulator tank of the SL200e refrigeration system was undersized to 
store all of the liquid refrigerant migrating from the evaporator coil during demand 
defrosts. Its replacement with a new accumulator, with 60% more volumetric 
capacity and adequate storage capacity has the potential to reduce compressor 
failures and the associated warranty expenditure.
A thorough experimental analysis on the performance of the Reference Defrost 
Control (RDC) algorithms is presented in Chapter 6. A common and concerning 
result was the decreasing time intervals between successive defrosts. This was 
caused by prematurely terminating defrost cycles. At the 0°C set-point temperature 
(Test #1) the times between successive defrosts decreased from 314 mins to under 
178 mins while defrost cycle durations fell by as much as 22%. The mass o f melt 
removed also decreased by 33% while defrost efficiencies fell from 77% to 65%. At 
the -20°C set-point temperature (Test #2) the times between successive defrosts 
decreased from 174 mins to under 39 mins while defrost cycle durations fell by as 
much as 47%. As a result, the mass of melt removed decreased by 81% while defrost 
cycle efficiencies fell from 21% to 5%. Three Modified Defrost Controls (MDC-A, 
B, C) were introduced to improve the defrost performance. The introduction of
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MDC-A led to consistently thorough defrost cycles, which resulted in sustained time 
intervals between successive defrosts and superior defrost efficiencies. The 
minimum duration between successive defrosts increased from 178 mins to 310 mins 
at 0°C and from 39 mins to 159 mins at -20°C for an ambient temperature of+15°C. 
The lowest defrost efficiencies recorded were 74% and 21% while the number of 
defrost cycles executed was reduced by 20% and 33% for set-point temperatures of 
0°C and -20°C. The advantage of high-speed defrosts executed using MDC-B was a 
29% reduction in defrost times while the average heat gained by the refrigerated 
compartment fell by 29%. By introducing MDC-C the average time between 
successive defrosts increased by 25% at the -20°C set-point temperature.
Through increasing the compressor throttle pressure from 32 to 50psi the average 
time between defrosts increased by 8%, which allowed 25% more frost to 
accumulate on the evaporator surface. During steady-state defrosting conditions the 
compressor power increased by 19% while the refrigerant mass flow rate was 41% 
higher owing to the increase in compressor throttle pressure. A semi-empirical 
compressor model was tested which was capable of reliably predicting the 
refrigerant mass flow rate to within ±3% during defrosts at 0°C and ±6% during 
defrosts at -20°C. The implementation of an enhanced Time-Demand defrost control 
(ETDC) had the ability to prevent timed defrosts when no frost was present on the 
evaporator surface.
8.2 RECOMMENDATIONS FOR FUTURE WORK
This work may be continued in three directions.
Consider implementing and testing MDC-A in a limited number of SL200e systems 
operational in the filed with a history of frequent demand defrosts and gauge 
customer response.
Employing the methodologies used to assess the performance of the SL200e 
Reference Defrost Controls, testing should be extended to truck refrigeration 
systems, where system capacities are lower and the evaporator coil geometry is 
different.
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Chapter 8 Conclusions and Recommendations fo r  Future Work
As identified in Chapter 5 during demand defrosts a large volume of liquid 
refrigerant is stored in the accumulator tank. With a significant degree of refrigerant 
charge out of commission the heating capacity of the system is reduced. An 
interesting concept would be to develop a method of recovering refrigerant trapped 
in the accumulator to increase the heating capacity during defrosts and subsequently 
profile the dynamic behaviour and evaluate defrost heat loads. One possible means 
of achieving this would be to inject high-pressure hot gas refrigerant from the 
compressor discharge line through a copper pipe connected to the accumulator tank. 
A solenoid valve on this pipe could be used to control the flow of hot gas refrigerant 
until the greater part of refrigerant is recovered.
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Determination of the Heat Transfer Coefficient for the Refrigerated 
Compartment
Calculation o f power input:
Q =  ((CfxHn) x ((Wh x 2 x 3600)/t) -  Qf x Fn)) + Qf x Fn 
Where t =  Time difference (seconds) between the respective counter values 
C f = Calibration factor for thyristor = 0.99170 
Fn = Number of fans used = 2 
Hn = Number of heaters used = 2 
Q = Power Input
Qfan = Heat output from fans = 20 Watts
Wh = watt hours = counter =  18329 -  18203 =  126
t =  7 13 16  -  70401= 915 seconds
Q = (0.9917 x ((126 x 2 x 3600 / 915) -  (20 x  2))) + (20 x 2)
= 983.6 watts 
Q = u(T c- T amb)
Where:
u = heat capacity rate (W/K)
Trc = the average temperatures o f the refrigerated compartment and calorimeter (°C) 
Tamb = the average ambient temperature controlled by the Calorimeter test cell (°C) 
Trc = 46.71°C 
Tamb=-0.37°C 
u = Q /(T rc- T amb)
= 983.6/ 47.08 
= 20.89 W/K 
K  = u/Area
Area = (2.1 x 2.3) x 2) + ((4.5 x 2.3) x 2) + ((4.5 x 2 .1) x 2) = 49.26m2 
K  = 20.89/49.26 
K = 0.42 W/m2K
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Appendix A Calibration o f  R efrigerated Compartment
Figure A .1 shows the two heaters used to maintain the desired steady-state 
temperature within the refrigerated compartment during tests to determine the heat 
transfer coefficient for the refrigerated compartment. Each heater had a maximum 
heat output o f 3600 Watts.
Figure A.1 - Two heaters used to maintain desired steady state temperature conditions within the 
refrigerated compartment to determine the heat transfer coefficient.
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Appendix B Calibration Certificates and Instruments
B .l CALIBRATION CERTIFICATES
This section presents a copy of the calibration certificates for calibration equipment 
used to calibrate sensors described in Section 3.2.2. The calibration certificate for the 
Rototherm digital thermometer employed for the calibration of all temperature 
sensors on the TRSDefrost experimental test rig is presented in Figure B . l .
Bentley instru m en t c o m p a n y  lim ited
Bentley Instrument Company Ltd., Unit 78, Western Parkway Business Park, Ballymount Road, Diijlln 12, Republic of Ireland 
Telephone: 01 - 40 - 50 - 100 Facsimile; 01 - 40 - BO - 700 
E-mail: info©benlley-instruments.com
Website: www.benlley-lnslrumenls.com ^
Certificate of Calibration
The readings obtained by the Test Equipment referred to on this Certificate are traceable to 
National Physical Laboratory Standards.
CUSTOMER : U C P
Equipment Type 
Serial No.
Last Calibrated
TEMPERATURE CALIBRATOR 
1049 (B1082)
16-May-2003
TEST EQUIPMENT
Calibration Cert. Ref. ; 1040-160503
Issued By : SCAN-SENSE AS
IN STR UM EN T UNDER T E S T
Instrument Type 
I.D. / Serial No. 
Date of Calibration 
Calibration Interval
DIGITEMP THERMOMETER
812999/1
03-Sep-2003
12 MONTHS
Condition of Instrument : N E W
L o c a tio n  
Sensor Typo 
A c c u ra c y  
Range
M ETHOD  O F CA LIBR ATIO N
CALIBRATED USING CERTIFIED PRECISION TEMPERATURE
CALIBRATOR
PT 1000
+/-0.16DEGC
-10.0 TO+100.0 DEGC
A F TE R  SER VICE
Instrument Reading Instrument Error True Reading Instrument Reading instrument ËrroF
DÈQ C ~ DEG C DEO C DEGC DEGC
-9 9 +0.1 -10.00 -9.9 +0.1
0.0 0.0 0.00 0.0 0.0
+20.0 0.0 +20.00 +20.0 0.0
+50.1 +0.1 +50.00 +50.1 +0.1
+100.1 +0.1 +100.00 +100.1 +0.1
It is certified that the above readings are a  true and accurate record of the calibration.
Signature : ltSIL
ns& J
A branch of Bentley Instrument Co. Ltd. 
Registered In U.K., Number E3S97
1Â EN 160900211*4 fto M im o
F ig u r e  B .l - Calibration certificate for the Rototherm Digitemp Thermometer.
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Appendix B Calibration Certificates and Instruments
The calibration certificate for the Superb Pressure Calibrator (PCC3 H-200-5) used 
to calibrate all pressure transducers is presented in Figure B.2a to B.2d.
- e o i
CERTIFICATE OF CALIBRATION
ISSUED BY SI PRESSURE INSTRUMENTS LTD
DATE OF ISSUE: 28 January 2003 SERIAL NUMBER N05211
v PRESSURE
GARRETTS GREEN LANE 
BIRMINGHAM. B33 OYA. U.K. 
TELEPHONE +44 (0)121 683 6855 
FAX +44(0)121 784 4795
www. si-pressure.com 
lab@si-pressure com
0453
PAGE 1 OF 4 PAGES
APPROVED SIGNATORY
/N A Morgan A Simmons 
N Barker J Baker
C U S T O M E R  D E T A IL S Company
Address
Order Number
Caufield Industrial Ltd
Oranmore Business Park
Oranmore
Galway
Ireland
45764
U N IT  C A L IB R A T E D Date received 
Date calibrated 
Calibration site 
Manufacturer 
Model
Calibrated range 
Serial No
14 January 2003 
27 January 2003
SI Pressure Instruments Laboratory
SI Pressure Instruments
PC3
0 to 200 bar 
5505
C A L IB R A T IO N  P R O C E D U R E  : IG0034-20
M E A S U R E M E N T  P A R A M E T E R  : Pressure
E N V IR O N M E N T T E M P E R A T U R E  : 20°C ± 2°C
B asic M easurem ent M ethod:
The unit under test was calibrated against a reference pressure balance.
C ustom er Requirem ent:
UKAS Certification.
T R A C E A B IL IT Y  S T A T E M E N T
A ll measuring equipment used for calibration purposes is traceable to National or 
Internationally recognised standards.
Certified By: ,
'• . s i )
The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage factor of k*2, providing a level of 
confidence of approximately 96%, The uncertainty evaluation has been carried out in accordance with UKAS requirements.
This certificate IS issued it) accordance wiUi We laboratory accredilallon requirement of the Uniled Kingdom Accreditation Service. It 
provides traceability of measurement to recognised national standards, and to the units of measurement realised at the National Physical 
Laboratory or other recognised national standards laboratories. This certificate may not be reproduced other than in full, except with the 
prior written approval of the Issuing laboratory ____ _____
F ig u r e  B .2  -  Calibration certificate for the Superb Pressure Calibrator, page 1.
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CERTIFICATE OF CALIBRATION
UKAS ACCREDITED CALIBRATION LABORATORY No 0453
SERIAL NUMBER 
N05211
PAGE 2 OF 4 PAGES
1. Condition: The instrument under test was received in working order.
2. Pressure media: The oil used for the measurements was ST-25.
3. Orientation: The unit under test was calibrated in a horizontal position resting on its 
base.
4. Pressure reference: Pressure measurements were referred to the centre line of the 
pressure connector.
5. Zero: The instrument under test was zeroed prior to calibration.
6. Specification: The unit under test was calibrated to the manufacturers specification of 
0.1% FS. The uncertainties shown in this certificate are not included in this 
specification.
< w  ‘
The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage factor of k*2, providing a level of 
confidence of approximately 95%. The uncertainty evaluation has been carried out in accordance with UKAS requirements.
F ig u r e  B .2 b  - Calibration certificate for the Superb Pressure Calibrator, page 2.
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CERTIFICATE OF CALIBRATION
UKAS ACCREDITED CALIBRATION LABORATORY No 0453
SERIAL NUMBER 
N05211
PAGE 3 OF 4 PAGES
CUSTOMER CAUFIELD INDUSTRIAL LTD
FILE NAME 03010099
UNIT UNDER TEST
MANUFACTURER SI PRESSURE INSTRUMENTS
MODEL PC3
SERIAL NUMBER 5505
TEST CONDrTIONS
PRESSURE MEDIA SE8ACATE
CALIBRATION SITE SI PRESSURE INSTRUMENTS CALIBRATION LABORATORY
CALIBRATION DATE 27 JANUARY 2003
AS RECEIVED RESULTS
APPLIED UUT
PRESSURE READING ERROR ERROR
bar bar bar %F.S.
0.0000 0.000 0 000 0.00
20.0000 20 000 0.000 0.00
40.0000 40 008 0.008 0.00
80.0001 79.828 -0.172 •0.09
120 000 119.66 -0 340 •0.17
160.000 159.66 -0.340 -0.17
200.000 199.66 -0.340 -0.17
160.000 159.66 -0.340 -0.17
120.000 119.66 -0.340 -0.17
80.0001 79.656 -0.344 -0.17
40.0000 39.911 -0.089 -0.04
20.0000 19.711 -0.289 -0.14
0 0000 -0.344 -0.344 -0.17
NOTE:
* Marks zero open to atmosphere.
UNCERTAINTIES ON THE REPORTED MEASUREMENTS
ppm + mbar
From 20 to 40 bar 120 7
From 40 to 200 bar 150 7
CALOÒ94Q.WB1 Versioni 13.02.01
The reported expanded uncertainty Is based on a standard uncertainty multiplied by a coverage factor of (0=2, providing a level of 
confidence of approximately 95%. The uncertainty evaluation has been carried out In accordance with UKAS requirements.
F ig u r e  B .2 c  - Calibration certificate for the Superb Pressure Calibrator, page 3,
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CERTIFICATE OF CALIBRATION
UKAS ACCREDITED CALIBRATION LABORATORY No 0453
SERIAL NUMBER 
N05211
PAGE 4 OF 4 PAGES
CUSTOMER 
FILE NAME
CAUFIELD INDUSTRIAL LTD 
03010102
UNIT UNDER TEST
MANUFACTURER
MODEL
SERIAL NUMBER
SI PRESSURE INSTRUMENTS
PC3
5505
TEST CONDITIONS
PRESSURE MEDIA SEBACATE
CALIBRATION SITE SI PRESSURE INSTRUMENTS CALIBRATION LABORATORY
CALIBRATION DATE 27 JANUARY 2003
AFTER ADJUSTMENT RESULTS
APPLIED UUT
PRESSURE READING ERROR ERROR
bar bar bar %F.S.
0.0000 0.000 0.000 0.00
20.0000 20.055 0.055 0.03
40.0000 40.000 0.000 0.00
60.0001 80 000 -0.000 -0.00
120.000 120.00 0.000 0.00
160.000 159.95 -0.050 -0.03
200.000 200.06 0.060 0.03
160.000 160.05 0.050 0.03
120.000 120.00 0.000 0.00
80.0001 79.945 -0.055 -0.03
40.0000 39.945 -0.055 -0.03
20.0000 19.945 -0.055 ■0.03
0 0000 -0.063 -0.063 ■0.03
NOTE:
* Marks zero open to atmosphere.
UNCERTAINTIES ON THE REPORTED MEASUREMENTS
ppm + mbar 
From 20 to 40 bar 120 7
From 40 to 200 bar 150 7
CAL00S4Q.WB1 Version 1 13.02.01
The reported expanded uncertainty Is based on a standard uncertainty multiplied by a coverage factor of *=2, providing a level of 
confidence of approximately 95%. The uncertainty evaluation has been carried out in accordance with UKAS requirements.
F ig u r e  B .2 d  - Calibration certificate for the Superb Pressure Calibrator, page 4.
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The certificate o f calibration for the Non-saturated salt ampoules (35% and 80%RH) 
used to calibrate the Vaisala humidity probes are presented in Figures B.3a and 
B.3d.
N A T I O N A L  P H Y S I C A L  L A B O R A T O RY
Teddington Middlesex UK TW11 OLW Switchboard 020 8977 3222
Certificate of Calibration
Non-saturated salt ampoules 
Nominal value 35 %rh
FOR: Rotronic Instruments (UK) Limited
Unit la
Crompton Fields 
Crompton Way 
Crawley 
West Sussex 
RHIO 9EE
DESCRIPTION: Non-saturated salt solution sealed in glass ampoules
IDENTIFICATION: Batch Serial No: 350403
DATES OF
CALIBRATION: 25 October to 15 November 2004
Reference: MH0202/EN04/115 Duplicate Page 1 of 2
Date of issue: 23 November 2004 Signed: (Authorised Signatory)
Checked by: fl] 5  Name: Dr S A Bell for Managing Director
x
$^ TJiìf wlifuBtf, pwwitn lufo'odrtlrty kf rfrrwisnrmmf h rtilWMÌ ilütmNb, urn/ ia liti unii» of iryçjsuremni m itòsi .if the NFL or other
U xafnmaf »ftfmim/* /itlnrsrMv* Thh cttiifxair miy mt Iy trfrfwiusfJ itati ill full uule& pmrftccfi'rt fvr the fmlfcitiMi of an
^  tjtitoii h i t  b m t  d m m n l  in m i t h m  f n m t  iH r ftiwtor. i t  Jtvs twi « f - t i s H f  impale to th e  w h j f t t  of wtâmtAm tin# «ifriin/fcs
Z  beyciul those shm<n by the data contained herein.
F ig u r e  B .3 a  - Certificate of Calibration for the Non-saturated salt ampoules (RH = 35%) page 1.
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Appendix B Calibration Certificates and Instruments
N A T I O N A L  P H Y S I C A L  L A B O R A T O R Y
Continuation Sheet
MEASUREMENTS
For Ihe purpose of calibrating Batch 350403, 25 ampoules were randomly selected from the toial 
batch o f 2500 using a random number generator. The 25 ampoules were in turn calibrated 
against a Rotronic relative humidity hygrometer, which was calibrated by NPL before, near the 
mid point and after measuring the 25 ampoules. The hygrometer calibrations are documented in 
NPL certificaies numbered MII0202/IN04/I23, MH0202/IN04/I29 and MH0202/IN04/129A. 
The ampoules were used following Ihe manufacturers instruction using a stainless steel 
calibration device ER-15 and a fresh fabric disc for each sample. For the measurement of each 
ampoule, a period of not less than I hour and not more Ilian 3 hours was left for the hygrometer 
and sample to stabilise. The calibration device was at all times located in a laboratory 
environment of 20 °C to 23 °C
RESULTS
Based on measurements of the 25 ampoules selected, the estimated mean generated humidity for 
the batch of 2500 ampoules after a stabilisation time of 1 hour is 34.8 %rh with an expanded 
uncertainty of ±0.7 %rh.
The estimated mean generated humidity for the batch of 2500 ampoules after a stabilisation time 
of 3 hours is 34.8 %rh with an expanded uncertainty of ±0.6 %rh.
UNCERTAINTIES
The standard uncertainty of the measurement is calculated from the uncertainties due io the 
calibration of ihe reference instrument, the method of transfer to the item under test, and the 
standard deviation of the measurements. The expanded uncertainty is based on a standard 
uncertainty multiplied by a coverage factor k = 2, providing a level of confidencc of 
approximately 95%. The uncertainty evaluation has been carricd oul in accordance with UKAS 
requirements.
Reference: MH0202/EN04/115 Duplicate Page 2 of 2
Checked by:
F ig u r e  B .3 b  - Certificate of Calibration for the Non-saturated salt ampoules (RH = 35%) page 2.
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Appendix B Calibration Certificates and Instruments
N A T I O N A L  P H Y S I C A L  L A B O R A T O R Y
Teddington M iddlesex UK TW11 OLW Sw itchboard 020 8977 3222
Certificate of Calibration
Non-saturated salt ampoules 
Nominal value 80 %rh
0478
FOR: Rotronic Instruments (UK) Limited
Unit la
Crompton Fields 
Crompton Way 
Crawley 
West Sussex 
RH109EE
DESCRIPTION: Non-saturated salt solution sealed in glass ampoules
IDENTIFICATION: Batch Serial No: 800405
DATES OF
CALIBRATION: 16 November to 09 December 2004
Reference: MH0202/EN04/116 Duplicate Page 1 of 2
Date of issue: 14 December 2004 Signed: (Authorised Signatory)
Checked by: (T1S Name: Dr S A Bell for Managing Director
llri> cr/tiftiaii* t$ tfSv/J w ammUwr mlh Ihe tohmitay 1« r/tff kw t/yuinmtnls f /  Iht tJnittJ AeiratUAlnD) Scriice, ft frtw-ii/r*
p u p i W f l t  to mtkml tlilW #1» Ibf uijiitp JtuMumtuid mMuM itl (A/ iVi'if, pr OiAir « 115! " ! ^  »wiytHfll
IIrr* nr!i/w>itr Mjiy wt IV vtktr (inifi in fttil, unfc*i pfrinitskiri far the insMifiJtm of 41« iT/'pnirr^ wfnii l tor;
Ihyh dfhJiTTAf (rt w n l%  frm Itir It*», not of ti&tf mtmU t.s fAc nvfyh'l 0/  fht cahhatlnvt miyiittnbulcs fcryiwJ ik>r
by the dntn contained Iw rv itt.
Figure B.3c - Certificate o f Calibration for the Non-saturated salt ampoules (RH = 80%) page 1.
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Appendix B Calibration Certificates and Instruments
N A T I O N A L  P H Y S I C A L  LA B O R A T O R Y
C o n tin u a tio n  S heet
MEASUREMENTS
For the purpose of calibrating Batch 8tX)405,25 ampoules were randomly selected from the total 
batch of 2500 using a random number generator. The 25 ampoules were in turn calibrated 
against a Rotronic relative humidity hygrometer, which was calibrated by NPL before, near the 
mid point and after measuring the 25 ampoules. The hygrometer calibrations are documented in 
NPL certificates numbered MH0202/IN04/I44A, MH0202/IN04/I44B and
MH0202/IN04/I44C. The ampoules were used following the manufacturers instruction using a 
stainless steel calibration dev ice ER-15 mid a fresh fabric disc for each sample. For the 
measurement of each ampoule, a period of not less than 1 hour and not more than 3 hours was 
left for the hygrometer and sample to stabilise The calibration device was at all times located in 
a laboratory environment of 20 °C to 23 °C
RESULTS
Based on measurements of the 25 ampoules selected, the estimated mean generated humidity for 
the batch of 2500 ampoules after a stabilisation time of 1 hour is 80.1 %rh with an expanded 
uncertainty of ±1.0 %rh.
The estimated mean generated humidity for tlie batch of 2500 ampoules after a stabilisation time 
of 3 hours is 80.1 %rh with an expanded uncertainty of ±0.9 %rh.
UNCERTAINTIES
The standard uncertainty of the measurement is calculated from the uncertainties due to the 
calibration of (he reference instrument, the method of transfer to the item under test, and the 
standard deviation of the measurements. The expanded uncertainty is based on a standard 
uncertainty multiplied by a coverage factor k = 2, providing a level of confidence of 
approximately 95%. The uncertainty evaluation has been carried out in accordance with UKAS 
requirements.
Reference: MH0202/EN04/116 Duplicate Page 2 of 2
Checked by: nf]S
Figure B .3 d  - Certificate o f Calibration for the Non-saturated salt ampoules (RH = 80%) page 2.
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Calibration results for the Promass 83e Coriolis mass flow meter from Endress and 
Hauser is presented in Figures B.4a to B4d.
F low  
Project:
C ustom er 10: 0
Tag : S U V A ®  15.2bar
Timestamp: Aug 15, 2005 2:52:25 PM
S iz ing  Sheet 
General Parameters
I Engineering project number: 0 
I Review number 2
Fluid:
State:
Atmospheric Pressure: 
Ref. Temperature:
Fluid Group:
SUVA HP62 
Gas 
1.0132 
na.
Normal Fluid
Abraslvlty:
Character:
Standard:
Ref. Pressure:
Not abrasiva 
Clean
n.a.
Operating Conditions
minimum nominal maximum
RtKjuasled Flow: 30ÍT 1 *00 2 M0 kg/ll
Pressure: I5Í 15:2 15 2 bar tel
lomperalure S W 50 1
Oensity: 5.456 (mita
Viscosity: 0.2C82S4 cSt
¿-factor. 0.0666
Flowmeter: Promass 83E
Meter Size:
Minimum Flow:
Maximum Flow:
Min. Pressure Rating:
Inner Diameter:
PED“  :
DM 26
0 kg/h
7864.28 kg/h
PN 25 DIN11M4-2/1.4404
12 mm
Inobservance ofthe selected process conditions and medium, Apphcatorcategorizes this application os PED
Art.3.3. Applicator suggests an instrument without PED option.
| O r d o r C o d c : | 8 | a | B 1 3 1 s H > | g | K | w i  I I I I I I I I
Sizing and Calculated Results
minimum nominal maximum
Requested Flow: 300 1 4C0 2000 kg/n
Piossuio Loss. 0.0067 0,1506 0.2912 car
Velorjly (meas tube) 4 210 19.88 25.11 m/s
Uncertainly Vokime: n.a. n.o. n.a. %
Uncalamly Mbss 1.35 0.8B 0.84 %
Reynolds No.: 1 I3358E>6 1---------- ------------------------- —
Warnings I Messages
”  The PCD category is an E*H recommenddion and depends on the fluid category, process data as well from the max. permissible pressure of the 
setedcd pros Miro rating. The fluids of the Applicator data base are classified to 07/548/EWG.
Print date : Aug 15, 2006 3:03:01 PM - 1 / 6 -
Applicator®: 92-155/51
Ur,dt?no<tf;t/ns¿9fK*ibf!ft!tm¿*Hat*tvPte#roc M  fifth far rron, inth* S c f hvvand tnlts d a c u r f m m b n  nor
¡ r t f  m - * t  a n i  A t i tH  m -iy  ê r à *  o u t o t t ì é r  u n ,  rfO pte lOf PfOCCSS AutOFTIâtlOfl
Endress+Hauser m i
F ig u r e  B .4 a  -  Calibration results for the Promass 83e Coriolis mass flow meter, page 1.
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F low
Project :
Customer 10: 0
Tag :SU VA@ 15.2bar
Timestamp: Aug 15, 2005 2:52:25 PM
Chart Sheet 
General Parameters
| Engineering project number 0 
I Review number: 2
Fluid:
State:
Atmospheric Pressure: 
Ref. Temperature:
Fluid Oroup:
SUVA HP62 
Gas 
1.0132 
na.
Normal Fluid
Abraslvlty:
Character:
Standard:
Ref. Pressure:
Not abrasive 
Clean
n.a.
Operating Conditions
minimum nominal maximum
Requested Flew M0 t 400 2 000 Kij-n
Press ure: 152 152 15.2 barrel
TomperBlurc. 5 20 50 °C
Osnsiiy 5-155 fcsms
VitCQMy. 0 208204 cSt
Z-factbr. i 0.MS6
Flowmeter: Promass 83E
Meter Size:
Minimum Flow:
Maximum Flow:
Min. Pressure Rating:
Inner Diameter:
PCD“ :
DM 28 
0 kg/h
7864.26 kg/h
PN 25 DIN11864-2/1.440412 mm
In observance o< the selected process conditions and medium, Appicalor categorizes this application as PED 
Ait.3.3. Applicator suggests an instrument without PED option.
[OrderCode: |8 |3 1 « |3 |5 |-  |A|P|K|1i| | 1 I
UnoartairAf [%\ Pres « ta [bar]
Uncertainty Wass
Presuli tosi
Requested Flew
Print date : Aug 15, 2006 3:03:01 PM * 2 / 6 -
Applicator# 92-155/51
U ndw nQ C kum t$nc*sben*m **H m im F to*im ! AQH *>kfwwnr*.rHkhwlnthi$a/hitvancltoi<*<to<uivntMian nor 
far wiy wror* *nd cormciumti/ dtmagiwhKh Mrk* o m o l t H *  ie* nCOpJe  fO f Process Automation
Endress+Hauser
F ig u r e  B .4 b  -  Calibration results for the Promass 83e Coriolis mass flow meter, page 2.
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F low
Project:
Customer 10:
Tag : SUVA @  7bar
Timestamp:
S iz ing Sheet 
General Parameters
Fluid:
State:
Atmospheric Pressure:
Ref. Temperature:
Fluid Oroup:
Operating Conditions
Aug 16, 2005 2:54:53 PM
SUVA HP62 
Gas
1.0132
n.B.
Normal Fluid
I Engineering project number: 0 
I Review number 3
Abraslvlty:
Character:
Standard:
Ref. Presaure:
Not abrasive 
Clean
minimum nominal maximum
Requested Flow 300 t 400 2000 kg/n
Pressure: 7 7 7 barrel
lu in petaluro 35 50 90 -c
Density: 7!W (bs/fl3
Viscosity 0.404972 cSt
2-f8doi Ü.9ÔÔ4
Flowmeter: Promass 83E
Meter Size: DN 25
Minimum Flow: 0 kg/h
Maximum Flow: 3 559.46 kg/h
Min. Pressura Rating: PN16 OIN 11851 /1.4404
Inner Diameter: 12 mm
PE D ”  : In observance of the selected process conditions and medium, Applicator categorizes this application as PED
Art.3.3. Applicator suggests an Instrument without PED option.
| Order Code: |t |3 jE| 3|S| - |A[F|H|H| M I M M I
Sizing and Calculated Results
m in im u m  n o m in » ! m ax im u m
Requeued Ffew: 300 f 400 'TOW kg/n
Pressure Loss Û.0ÎI4 0.3Q9B 0.716 bar
Velocity (meas lutili) 9.315 43 47 65.1 m/s
Unceriokity Volume: n.a. n.a. n.a. %
Uncalemty Mass. 1.36 ona Ö34 %
Reynolds No.: 1.0539 IE<6
Warnings ! Messages
"  The PED category Is an E*H recommendation and depends on the fluid category, process data as well from the max. permissible pressure of the 
selected pressure rating. The fluids of the Applicator data base are classified to 67/548/EWG.
Print date: Aug 15,2006 3:03:01 PM - 3 / 6-  _  , . .  J  J . l  f
Endress+Hauser La irApplicator®: 92-155/51
l/r}<Sit i î 3 i ÿ f 4 / r i s î t f x « f s £ ' î  » * a * > f * jM r f lAw îac mars, n * h w  in th* Settori irti ln tt» d o a r n n m k m  nor   ,
t v  m y  w ar*  and J a ra je  rtf ik fr  m a y  a r k *  o u l e f M r  imm P«0PW (Of PrOCe55 AlitOmatlOfI
F ig u r e  B.4c -  Calibration results for the Promass 83e Coriolis mass flow meter, page 3.
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F low  
Project:
Customer 10:
Tag : SUVA @  7bar
Timestamp:
Chart Sheet 
General Parameters
Aug 15, 2005 2:54:53 PM
| Engineering project number: 0 
I Review number. 3
F lu id :
State:
A tm o sp he r ic  P ressu re: 
Ref. Tem perature:
F lu id  G roup:
SW A HP62 
G as 
1.0132 
n.a.
Normal Fluid
Abras lv lty :
Character:
Standard:
Ref. P re ssu re :
Not abrasive 
Clean
n.a
Operating Conditions
m inim um no in itial m axim um
Requested flow m ~ 1 400 2 000
Pressure: 7 7 7 bar rel
fempoiBture: 35 50 50 s?
Oansily 2 469 D&m3
Viseoyy: 0.4SM972 cSt
¿-(actor. 0.9994
Flowmeter: Promass 83E
Meter Site:
Minimum Flow:
Maximum Flow:
Min. Pressure Rating:
Inner Diameter.
P E D " :
DN 25
0 kg/h
3559.46 kg/h
PN 16 DIN 11851 /1.4404
12 mm
In observance of the selected process conditions and medium. Applicator categorizes this application as PED 
Art.3.3. Applcalor suggests an instrument without PEDoptlon.
¡Order Cod«: | 9 |3 |E|3 [5 | - |A [P [ lt|M | I I | | I I I [
U noarta  i r * f  [<4 )
1  I!.9 ! 9
>-¡0 ==* H r
m  72Q 1 CÖÜ 14 10LÛ  Î1I5D Î Î J Û  2 9ßfl 2 Î 4 Û
P rsscm a [bar]
2.1
1.9«
m s
I .4 T
! ZB
1 0  j
0.94
0 .6 )
0 41
021
0Î »33FÎW [kÿhl
UnçC’ rta nty Vlass
P [« îsu fe tb « î
Requested Flcvu
Print date : Aug 15, 2006 3:03:01 PM - A10 -
Applicator®: 92-155/51
Un*rnodr<t*nstane*a I» E n & m 9 * H a u u r  FkmAmc A O m o r * .  Inlha Scftovard Into doo m m t a t h n  rot
for any morn and c M t a q u v * *  dtnapawMvh may arita cuictlt&r u%* n fcO D «  fo r  P T O C M i A u to m a t io n
Endress+Hauser I  h»! f
F ig u r e  B.4d -  Calibration results for the Promass 83e Coriolis mass flow meter, page 4 .
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The certificate o f calibration for the Spider II weighing scales used to calibrate the 
load cell from Cooper Instruments and Systems is presented in Figures B.5.
Therm o K ing  Europe LTD. 
Ga lw ay
Monlvea Road Mervue Galway 
Galway,
Certifica te  o f Ca lib ra tion
26/09/2006 Certificate Number: Page 1 c
Gage ID: 069-018 Location: oao
Gage SIN: Current Storage: Calorimeter
Description: Weighing Scale Cal. Freq.: 6 MONTHS
Type: 0 -3 0 0  kg
UnltofMeas: kgs
Cal. Date: . 01/07/2006
Next Due: 01/01/2007
C0rtl(¡cation Statement: First Procedure Name: ga-069
It is hereby certified that the above described instrument conforms to the original manufacturer's specifications and has 
been calibrated using standards whose accuracies are traceable to the National Institute of Standards and Technology 
within the limitations of the Institute Calibration Services or have been derived from accepted values of natural physical 
constants or have been derived by the ratio type of self calibration techniques. Our calibration system satisfies IS0-9CK 
QS-9000 and the ANSI Z-540 requirements. _______________________________________________________
Find ings: Environmental Conditions:
Standard |D Minimum Nominal Maximum Before tesaiPSSL Fail Before Umlt
Gaae ID of Standard Uncertainty Unit« Typ» After Accuracy Fall After Use?
01. 071-014 4.900 5.000 5.100 5.000 0.000 No No
kgs V 5.000 0.000 No
02. 071-015 9.800 10.000 10.200 10.000 0.000 No No
kgs V 10.000 0.000 No
05. 071-018 29.400 30.000 30.600 30.000 0.000 No No
kgs V 30.000 0.000 No
06. 071-019 49.000 50.000 51.000 50.000 0.000 No No
* kgs V 50.000 0.000 No
Calibrated by : . Date : .
Approved by : , Date : ,
Calibration Certificate Report With Measuremi 
Figure B .5  - Calibration certificate for the Spider II w eigh ing scales.
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The calibration certificate for the Fluke networked data acquisition unit is presented 
in Figures B.6a to B.6c.
CERTIFICATE OF CALIBRATION
Issued By
Calibration Specialists Ltd., Holland Rd., National Technology Pk„ Castletroy, Limerick. Ireland. 
Tel: +353 61 330333 Fax: +353 61 330452 website: www.Feasa.le
An INAB Accredited Calibration Laboratory Reg No.OOIC Certificate No: MD609002
“-v .
Date of Issue: 11TH SEPTEMBER 2006 Approved Signatory: Tlmmv Payern
Timmy Davern (Head of Laboratory.) 
Tony 0'Mara(Technical Manager.) 
Category: B-THERMOKING, Co. GALWAY_________________________ Philip O'Dell (Quality Control.)
Customer: THERMOKING
Address: Co. GALWAY
Details Of Unit Calibrated:
Manufacturer: FLUKE Date Received: 1st SEPTEMBER2006
Model: 2640A Date Calibrated: 1STSEPTEMBER2006
Serial No: 7404040 Calibrated by Technician: MATTHEW DLUZNIEWSKI
Ref No: N/A Temperature: 22 °C
Description: DATA LOGGER Humidity: 50 %
The above Instrument was tested against the manufacturer’s accuracy specification at the points shown 
and the results are tabulated in the following report This report relates solely to the instrument described above.
This certificate is issued In accordance with the conditions of accreditation laid down by the Irish National 
Accreditation Board, which has assesed the measurement capability of the Laboratory. The reported results are 
traceable to recognised National and International standards. This calibration certificate contains information 
belonging to Calibration Specialists Ltd., which is confidential and/or legally privileged.
Information is intended only for the use of the entity named above. If you have received this certificate in error, 
please notify us by telephone Immediately at the above number.
The reported expanded uncertainty is stated as the standard uncertainty of measurement multiplied by the 
coverage factor k=2, which for a normal distribution corresponds to a coverage probability of approximately 95%. 
The standard uncertainty of measurement has been determined in accordance with EAL Publication EA-4/02.
Page 1 of 3
Procedure:FL-2640A Control No.X3146 Rev No. 1.00 - Date:18/08/2006
F ig u r e  B .6 a  - Certificate of calibration for the Fluke networked data acquisition unit, page 1.
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f t
FBA8A
Method: The unit under test was first allowed to stabilise. Precisely known values were then applied to the
input of the unit under test and the resultant readings compared against manufacturer's 
specifications.
89.9969
90.0039
0
299.995
-300
0
3
-3
30.0003
-29.9994
TEMPERATURE SIMULATION K TYPE °CI
Channel Applied Min Measured Max Uncertainty
(°C) (°C) (°C) (°C) (±#C)
1 0 -1.3 0.4 1.3 0.8
1 100 98.7 100.3 101.3 0.8
DC VOLTAGE ACCURACY
Range
(V)
Applied
(VI
Min Measured
(V)
Max
(V)
Uncertainty
v>
90 m 0 m -0.008 m 0.000 m 0.008 m 0.002 m
90 m 90 m 89.984 m 89.998 m 90,020 m 0.004 m
90 m -90 m -90.020 m -89.997 m -69.980 m 0.004 m
300 m 0 m -0.020 m 0.000 m 0.020 m 0.002 m
300 m 300 m 299.940 m 300.000 m 300.060 m 0.008 m
300 m -300 m -300.060 m -299.996 m -299.940 m 0.008 m
3 0 -0.0002 0.0000 0.0002 0.0001
3 3 2.9994 3.0000 3.0006 0.0001
3 -3 -3.0006 -3.0000 -2.9994 0.0001
30 0 -0.002 0.000 0.002 0.001
30 30 29.994 30.001 30.006 0.001
30 -30 -30.006 -29.999 -29.994 0.001
CERTIFICATE OF CALIBRATION
Issued By
Calibration Specialists Ltd., Holland Rd., National Technology Pk., Castletroy, Limerick. Ireland. 
Tel: +353 61 330333 Fax: +353 61 330452 website: www.Feasa.le
Date of Calibration: 1st SEPTEMBER2006 Certificate No: MD609002
Page 2 of 3
Procedure:FL-2640A Control NO.X3146 Rev No. 1.00 - Date: 18/08/2006
Figure B .6 b  - Certificate of calibration for the Fluke networked data acquisition unit, page 2.
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CERTIFICATE OF CALIBRATION
Is&ugci By
Calibration Specialists Ltd., Holland Rd., National Technology Pk., Castietroy, Limerick. Ireland. 
Tel: +353 61 330333 Fax: +353 61 330452 website: www.Feasa.le
Date of Calibration: 1st SEPTEMBER2006 Certificate No: MD609002
20.0437
193.326
300.028 
296.099
3.00028 
30.0014
FREQUENCY ACCURACY
Range Applied Min Measured Max Uncertainty
(Hz) _ ... , (Hz) (Hz) (±Hz)
Auto 10 k 9.994 k 10.000 k 10.006 k 0.0001
AC VOLTAGE ACCURACY
Range
(V)
Applied
- ____ .
Min
(V)
Measured
(V)
Max
(V)
Uncertainty
(±V)
300 m 20rrt@1 kHz 19.69 m 20.04 m 20.31 m 0.01 m
300 m 20m@100kHz 18.50 m 19.32 m 21.50 m 0.02 m
300 m 300m@1kHz 298.85 m 300.03 m 301.15 m 0.04 m
300 m 300m@100kHz 284.50 m 296.06 m 315.50 m 0.07 m
3 3@1kHz 2.9885 3.0005 3.0115 0.0004
30 30@1kHz 29.885 30.000 30.115 0.004
Range
(O)
Value
(fi)
Min Actual
(fi)
Max
(fi)
Uncertainty
(±n>
300 0 -0.12 0.00 0.12 N/A
300 100 99.86 99.99 100.14 0.01
3 k 0 -0.0012 k -0.0001 k 0.0012 k N/A
3 k 1 k 0.9986 k 0.9999 k 1.0014 k 0.0001
30 k 10  k 9.981 k 9.998 k 10.019 k 0.001
300 k 100 k 99.65 k 100.00 k 100.35 k 0.01
3 M 1 M 0.9935 M 0.9997 M 1.0065 M 0.0001
Standards Used:
Asset No. 117, No. 192.
Comments:
Upon receipt this unit meets or exceeds manufacturer's specifications at all points tested. 
No adjustments were necessary.
Page 3 of 3 
—End of Certificate-
Procedure: FL-2640A Control No.X3146 Rev No. 1.00 - Date: 18/08/2006
F igu re  B .6 c  - Certificate o f  calibration for the F luke netw orked data acquisition unit, page 3.
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B.2 CALIBRATION INSTRUMENTS 
DigiTemp digital thermometer
The following diagram Figure B.7, presents the DigiTemp digital thermometer used 
as a reference for calibration o f all temperature sensors (thermocouples and 
immersion thermistors). The digital thermometer and temperature sensors were 
calibrated in a water-antifreeze solution (50:50 ratio). The Eurotherm controller 
powered the silicone mat heater to heat the solution when calibration was being 
completed at temperatures greater than +30°C. For calibration o f thermocouples at 
subzero temperatures the solution was soaked in the refrigerated compartment at 
-25°C.
uncouples under calibration
Silicone mat heater
Figure B .7  - D igiT em p digital therm ometer used  for calibration o f  temperature sensors.
DigiTemp digital thermometer
B-19
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Superb pressure calibrator (PCC3 H-200-5)
The following diagram Figure B.8, shows a pressure transducer being calibrated 
using the Superb Pressure Calibrator (PCC3 H-200-5).
F ig u re  B .8  - The Superb pressure calibrator used  for calibration o f  all pressure transducers. 
Airflow AV-2 Rotating Vane Anemometer
All rotating vane anemometers were calibrated in a wind tunnel at Galway Mayo 
Institute o f Technology against the Airflow AV-2 vane anemometer, Figure B.9.
F ig u re  B .9  - A  rotating vane anem om eter being calibrated against the A irflow  A V -2  vane
anemom eter.
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Non Saturated salt ampoules
Figure B.10 presents the non-saturated salt solutions, textile pad and air tight 
chamber employed during the calibration o f the relative humidity probes.
Textile pad UKAS certified non-saturated salt ampoules 
Screw-mount lid
86% RH
ron sariirtittWl s jit ampqules
CfKTVCDBY NPL
F igure B .10  - Rotronic non-saturated salt am poules and air-tight chamber.
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INSTRUMENTATION 
Pressure Transducers
Five of the six pressure transducers used on the experimental test rig are shown in 
Figure C.l. Presented (from left to the right) are the pressure transducers used to 
measure evaporator differential and inlet pressures, compressor outlet, throttling and 
suction pressures.
F ig u re  C . l  -  Pressure transducers m easuring com pressor and evaporator pressures. 
Relative humidity probes
The Vaisala relative humidity probes used to monitor the relative humidity in the 
refrigerated compartment are presented in Figure C.2.
F ig u re  C .2  - V aisala relative hum idity probes.
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Refrigerant flow meters
Figure C.3 shows the Promass 83e Coriolis mass flow meter and Vortex volumetric 
flow meter used to measure refrigerant flow rates. The coriolis mass flow meter was 
located on the compressor discharge line while the vortex flow meter was located 
downstream of the compressor.
F igu re  C .3 - Prom ass 83e coriolis m ass flow  meter and A alborg vortex volum etric flow  m eters.
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Fuel flow meter
The Danfoss coriolis flow meter was employed to monitor fuel consumption during 
defrost testing, Figure C.3.
F ig u re  C .4  D an foss coriolis flo w  m eter used  to m onitor fuel consum ption during testing. 
Power Supplies
A Celetronix power supply (VLT40-3201) with a 5V/6A output was used to power 
the Thermo King pressure transducers. This power supply required a power input o f 
180-264 Vac.
A Celetron power supply (SPS50-1005) with a 24 V/1.6A output was used to power 
the Vortex in-line flow meter. This power supply required a power input o f 180-264 
Vac.
A National Instrum ents  power supply (SNP-L124) with a 13.8V/4A output was 
used to power the relative humidity probes, evaporator coil pressure sensors and 
rotating vane anemometers. The voltage supplied to the vane anemometers was 
reduced from 13.8V to a more suitable 10V using a potential divider (250 and 500 Q. 
resistors).
A  Hewlett Packard  DC power supply (6573A) was used to power the load cell. This 
power supply has an output voltage from 0-35 Vdc and output current o f 0-60 A. 
During testing the tank-weighing load cell was supplied with 10V/4A.
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TRS Defrost - DATA ACQUISITION SYSTEM
Fluke NetDAQ
F ig u re  D . l  N ational Instruments SC X I and Fluke N etD A Q  data acquisition and control system .
The following schematic presents the National Instruments SCXI and Fluke 
NetDAQ data acquisition and control system used to receive raw signals from 
instrumentation and send digital signals as required to control the refrigeration 
system during the development o f new defrost control algorithms.
SCXI-1000 CHASSIS 
SCXI-1102 Module 1 
SCXI-1102 Module 2 
SCXI-1581 Module 3 
SCXI-1102 Module 4
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SCXI-1102 Module 1 -  Analog input module
The following table provides a detailed list o f all instrumentation connected to 
SCXI-1102 module 1, including the sensor name abbreviation, its function, the fluid 
being monitored by the sensor and the channel number to which the sensor is 
connected. The instrumentation connected included refrigerant flow meters, pressure 
transducers and thermocouples.
Table D .l - Instrumentation connected  to S C X I-1102 m odule 1.
Sensor
Name
Function Fluid Sensor
Channel
No.
PVIQ Refrigerant volum etric flow  rate R 404a V ortex flo w  meter 0
PGO M Refrigerant m ass flow  rate R 404a C oriolis flow  meter 1
PVIP C om pressor refrigerant inlet pressure R 404a Pressure transducer 2
PVTP C om pressor throttling pressure R 404a Pressure transducer 3
PGOP C om pressor refrigerant outlet pressure R 404a Pressure transducer 4
ZAM T1 Refrigerated com partm ent temperature An- Therm ocouple 5
Z A M T 2 Refrigerated compartment temperature A ir Therm ocouple 6
ZAM T3 R efrigerated com partm ent temperature A ir Therm ocouple 7
Z A M T 4 R efrigerated com partm ent temperature Air Therm ocouple 8
ZAM T5 Refrigerated compartment temperature An- Therm ocouple 9
ZA M T6 Refrigerated com partm ent temperature A ir Therm ocouple 10
ZA M T7 Refrigerated com partm ent temperature An- Therm ocouple 11
ZAM T8 Refrigerated com partm ent temperature Air Therm ocouple 12
Z A M T 9 Refrigerated com partm ent temperature A ir Therm ocouple 13
EAIH RH Evaporator air in let relative hum idity A ir H um idity probe 14
EAO H  RH Evaporator air outlet relative hum idity Air H um idity probe 15
D e f  T K D efrost signal from  SL 200e system N /A V oltage signal 16
Nrprn E ngine speed  signal from SL 200e system N /A V oltage signal 17
C ool /  H eat C ool or heat m ode signal S L 200e system N /A V oltage signal 18
D oor O/C D oor open  or c losed  signal N /A V oltage signal 19
A m b l A m bient temperature An- T herm ocouple 20
A m b2 A m bient temperature Air Therm ocouple 21
Am b3 A m bient temperature A ir Therm ocouple 22
A m b4 A m bient temperature Air Therm ocouple 23
N LIQ Engine fuel flow  consum ption D iese l Therm ocouple 24
E A U Il RH C A R EL hum idifier relative hum idity Air Therm ocouple 25
EAOT1 Evaporator air outlet temperature A ir Therm ocouple 26
EAO T2 Evaporator air outlet temperature A ir Therm ocouple 27
EAO T3 Evaporator air outlet temperature A ir Therm ocouple 28
E A O T4 Evaporator air outlet temperature An- Therm ocouple 29
EAO T5 Evaporator air outlet temperature Air Therm ocouple 30
E AO T6 Evaporator air outlet temperature A ir Therm ocouple 31
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SCXI-1102 Module 2 -  Analog input module
The following table provides a detailed list o f all instrumentation connected to 
SCXI-1102 module 2, including the sensor name abbreviation, its function, the fluid 
being monitored by the sensor and the channel number to which the sensor is 
connected. The instrumentation connected included immersion thermistors, 
thermocouples, pressure transducers and LM235 temperature sensors used by the 
SL200e refrigeration system controller.
T ab le  D .2  - Instrumentation connected  to S C X I-1102 m odule 2.
Sen sor  N a m e F u n ctio n F lu id S en sor
C h an n el
N o.
EV ITI Evap. refrigerant in let temperature R 404a Im m ersion Therm istor 0
EVIT2 Evap. refrigerant inlet temperature R 404a Im m ersion Thermistor 1
EVIT3 Evap. refrigerant inlet temperature R 404a Im m ersion Thermistor 2
EV IT4 Evap. refrigerant in let temperature R 404a Im m ersion Thermistor 3
E V M T Evap. refrigerant m id-point temperature R 404a Im m ersion Thermistor 4
EVO T1 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 5
E VO T2 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 6
EVO T3 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 7
E VO T4 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 8
EVO T5 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 9
E V O T6 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 10
E V O T7 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 11
E VO T8 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 12
E V O T9 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 13
EVOTIO Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 14
EVO T11 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 15
E V O T 12 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 16
E V O T13 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 17
E V O T 14 Evap. refrigerant outlet temperature R 404a Im m ersion Thermistor 18
EM M T1 TC Evaporator surface temperature M etal Therm ocouple 19
EM M T2 TC Evaporator surface temperature M etal Therm ocouple 20
EM M T3 TC Evaporator surface temperature M etal Therm ocouple 21
E M M T 4 TC Evaporator surface temperature M etal Therm ocouple 22
EM M T5 TC Evaporator surface temperature M etal Therm ocouple 23
EM M T6 TC Evaporator surface temperature M etal Therm ocouple 24
EM M T7 TC Evaporator surface temperature M etal Therm ocouple 25
EM M T8 TC Evaporator surface temperature M etal Therm ocouple 26
EVD P1 Evaporator co il refrigerant in let pressure R 404a Pressure transducer 27
E A IT  TK Evaporator air in let temperature Air S L 200e tem p. Sensor 28
E A O T  T K Evaporator air outlet temperature Air S L 200e tem p. Sensor 29
EM M T TK Evaporator co il header plate temperature M etal S L 200e temp. Sensor 30
E V D P 2 Evaporator refrigerant inlet pressure R 404a Pressure transducer 31
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Channel numbers 0 -  18 on SCXI 1581 (module 3) were used to provide a lOOuA 
excitation for the immersion thermistors used on the evaporator coil to monitor 
refrigerant temperatures.
SCXI-1102 Module 4 -  Analog input module
The following table D.3 provides a detailed list o f  all instrumentation connected to 
SCXI-1102 module 4, including the sensor name abbreviation, its function, the fluid 
being monitored by the sensor and the channel number to which the sensor is 
connected. The instrumentation connected included thermocouples, pressure 
transducers and the load cell used to measure the mass o f condensate collected.
SCXI-1581 Module 3 -  Current excitation module
Table D.3 Instrumentation connected to S C X I-1102 m odule 4.
Sensor Name Function Fluid Sensor Channel No.
EAIT1 TC Evaporator air in let temperature A ir Therm ocouple 0
EAIT2 TC Evaporator air inlet temperature Air Therm ocouple 1
EAIT3 TC Evaporator air in let temperature Air Therm ocouple 2
EA IT4 TC Evaporator air inlet temperature Air Therm ocouple 3
EAIT5 TC Evaporator air in let temperature Air Therm ocouple 4
EA IT6 TC Evaporator air inlet temperature Air Therm ocouple 5
EAIT7 TC Evaporator air inlet temperature A ir Therm ocouple 6
EAIT8 TC Evaporator air in let temperature Air Therm ocouple 7
Nrps R eal-tim e engine speed  ip s N /A Therm ocouple 8
N e w l A ir temperature at A ccum ulator A ir Therm ocouple 9
N ew 2 A ir temperature at A ccum ulator Air Therm ocouple 10
W LOT TC Condensate temperature W ater Therm ocouple 11
N ew 4 Spare Air Therm ocouple 12
N ew 5 Spare A ir Therm ocouple 13
N ew 6 Spare Air Therm ocouple 14
W LOM Condensate w eigh ing  scales W ater Load cell 15
PCI 6601 Timing and digital I/O device
The PCI-6601 timing and digital I/O device was used for frequency measurement o f 
signal outputs from the rotating vane anemometers, Table D.4.
Table D.4 V ane anem om eters connected to the PC I-6601 tim ing and digital I/O  device.
Sensor Name Function Fluid Sensor Type DAQ Module & Channel
EAO V1 A ir outlet velocity A ir R otating vane anem om eter PCI-6601 Sou crel
EA O V 2 A ir outlet velocity Air R otating vane anem om eter PCI-6601 Soucre2
EA O V 3 A ir outlet ve locity Air R otating vane anem om eter PC I-6601 Soucre3
D - 5
Appendix D Data Acquisition System
The PCI-6601 timing and digital I/O device, was also used to send digital output 
signals (5vdc) to three relays controlling the SL200e refrigeration system during the 
testing o f new demand defrost controls. The three relays controlled:
i. Pilot solenoid to dictate when the unit operated on cool or heat mode
ii. High speed solenoid to switch the system to high speed operation as required
iii. Damper solenoid to close the damper blade during defrosts
The following figure D .l shows the three 12Vdc, 5 pin relays, set-up in the TG-VI 
controller compartment.
F ig u re  D .2  - R elays used  to control the p ilo t solenoid, h igh-speed  solenoid  and damper solenoid.
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Fluke NetDAQ -  Analog input module
The following table provides a detailed list o f all thermocouples connected to Fluke 
NetDAQ, including the sensor name abbreviation, its function, the fluid being 
monitored by the sensor and the channel number to which the sensor is connected.
T ab le  D .4  Therm ocouples connected  the F luke N etD A Q .
Sensor Name Function Fluid Sensor NetDAQ Channel
PV ITT C Compressor refrigerant inlet temperature R404a Thermocouple 1
PGOT TC Compressor refrigerant outlet temperature R404a Thermocouple 2
TGOT TC Three way vale refrigerant outlet temperature R404a Thermocouple 3
CGIT TC Condenser refrigerant gas inlet temperature R404a Thermocouple 4
CLOT TC Condenser refrigerant liquid outlet temperature R404a Thermocouple 5
RLOT TC Receiver tank refrigerant liquid outlet temperature R404a Thermocouple 6
HLIT TC Heat exchanger liquid inlet temperature R404a Thermocouple 7
HGIT TC Distributor refrigerant gas inlet temperature R404a Thermocouple 8
XLIT TC Expansion valve refrigerant inlet temperature R404a Thermocouple 9
EVOT TC Evaporator refrigerant outlet temperature R404a Thermocouple 10
HVIT TC Heat exchanger refrigerant vapor inlet temperature R404a Thermocouple 11
HVOT TC Heat exchanger refrigerant vapor outlet temperature R404a Thermocouple 12
A V O TT C Accumulator tank refrigerant outlet temperature R404a Thermocouple 13
DLIT TC Defrost condensate temperature R404a Thermocouple 14
EAIT RH Evaporator air inlet temperature (RH probe 1) R404a Thermocouple 15
Coil Evaporator coil temperature (with SL200e sensor) R404a Thermocouple 16
AVMT Accumulator tank temperature R404a Thermocouple 17
TGIT TC Three way vale refrigerant inlet temperature R404a Thermocouple 18
AVIT TC Accumulator tank refrigerant outlet temperature R404a Thermocouple 19
EAO TR H Evaporator air inlet temperature (RH probe 2) R404a Thermocouple 20
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Heat transfer analysis of Accumulator and Heat exchanger during defrost cycle
Throughout the defrost cycle the accumulator tank holds a substantial volume of 
cold liquid refrigerant which holds the external surface temperature o f the 
accumulator tank several degrees lower than the ambient surroundings. A natural 
convection heat transfer analysis was performed to calculate the heat gained by the 
accumulator tank, Qacc from the warmer ambient surroundings during defrost, 
(Holman 2002):
End  _
e „ = £  ( » « - U K , )  (E.i)
/=!
Where: h = average convection heat-transfer coefficient (W/m2.°C)
Aacc = the total surface area of the accumulator tank for heat transfer (m )
Ta = air temperature surrounding the accumulator tank (°C)
Tacc= average accumulator tank temperature (°C)
The average heat transfer coefficient h was calculated as follows, (Holman 2002):
(E.2)
d
Where: Nu = Nusselt number
k = Thermal conductivity o f the ambient air (W/m.K) 
d = Diameter o f  the accumulator tank (m)
The Nusselt Number Nu was calculated using the following equation, (Holman 
2002):
Nu = 0.825 + °-387Jte
[1 + (0.492/P r )^ 6]^ '27 y
for 10'1 < Ra < 1012 (E.3)
Where: Ra = is the product o f the Grashof and Prandtl number, GrPr 
Pr = Prandtl number.
The Grashof-Prandtl number product was calculated based on the film temperature 
o f the ambient air and average accumulator tank external surface temperature:
G rPr = g^ Ta ~ l acc)d Pr (E.4)
v
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Where: g = acceleration o f gravity (9.8m/s)
P = —  = Volume coefficient o f expansion ( K 1)
Tf
* • • 2 v =  Kinematic viscosity (m /s)
Pr = Prandtl number
Where Tf = the film temperature, the average temperature between the ambient air 
and accumulator tank surface temperatures.
The total heat transferred from liquid refrigerant in the heat exchanger liquid line to 
refrigerant vapour in the heat exchanger suction line was calculated as follows:
Qh x ~ m m  C p ,
T +T  1 ( T + T
7 6  - m  C 1 6r f  ^ P J
/ ,  (E.5)
Where: mr = refrigerant mass contained in the liquid line (kg)
Cp = specific heat capacity o f refrigerant (kJ/kg.K)
Tg = refrigerant temperature leaving the heat exchanger liquid line (°C)
T7  = refrigerant temperature entering the heat exchanger liquid line (°C) 
Where subscripts 5  and/ represent the start time and finish time o f the defrost cycle
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The specific enthalpy o f ice used to calculate heat removed heat with melt during 
defrosts in Chapter 6is presented in Table E .l
T ab le  E . l  - Sp ecific  enthalpy o f  ice (Sourced from  the A SH R A E  H andbook o f  Fundam entals).
T em p era tu re S p ecific  en th a lp y T em p era tu re S p ec ific  en th a lp y
D e e  F B tu /lb D e g C k J/k g
-40 .0 -177.1 -40 .0 -411 .6
-38 .0 -176 .2 -38 .9 -409 .5
-36 .0 -175 .3 -37 .8 -407 .5
-34 .0 -174 .5 -36 .7 -405 .5
-32 .0 -173 .6 -35 .6 -4 03 .4
-30 .0 -172 .7 -34 .4 -401 .4
-28 .0 -171 .8 -33 .3 -399 .3
-26 .0 -170 .9 -32 .2 -397 .3
-24 .0 -170 .0 -31.1 -395 .2
-22 .0 -169.1 -30 .0 -393.1
-20 .0 -168 .2 -28 .9 -391 .0
-19 .0 -167 .8 -28 .3 -389 .9
-18 .0 -167.3 -27.8 -388 .9
-17 .0 -166 .9 -27 .2 -387 .8
-16 .0 -166 .4 -26 .7 -386 .8
-15 .0 -165 .9 -26.1 -385 .7
-14 .0 -165 .5 -25 .6 -384 .6
-13 .0 -165 .0 -25 .0 -383 .6
-12 .0 -164 .6 -24 .4 -382 .5
-11 .0 -164.1 -23 .9 -381 .5
-10 .0 -163 .7 -23 .3 -380 .4
-9 .0 -163 .2 -22 .8 -379 .3
-8 .0 -162 .7 -22 .2 -378 .2
-7 .0 -162.3 -21 .7 -377 .2
-6 .0 -161.8 -21.1 -376.1
-5 .0 -161.3 -20 .6 -375 .0
-4 .0 -160 .9 -20 .0 -373 .9
-3 .0 -160 .4 -19 .4 -372 .8
-2 .0 -159 .9 -18 .9 -371 .7
-1 .0 -159.5 -18.3 -370 .6
0 .0 -159 .0 -17 .8 -369 .5
1.0 -158 .5 -17 .2 -368 .4
2 .0 -158 .0 -16 .7 -367 .3
3 .0 -157 .6 -16.1 -366 .2
4 .0 -157.1 -15 .6 -365.1
5.0 -156 .6 -15 .0 -36 4 .0
6.0 -156.1 -14 .4 -362 .9
7 .0 -155 .7 -13 .9 -361 .8
8.0 -155 .2 -13.3 -360 .7
9.0 -154 .7 -12.8 -359 .6
10.0 -154 .2 -12 .2 -358 .5
11.0 -153 .7 -11 .7 -357 .4
12.0 -153.3 -11.1 -356 .2
13.0 -152.8 -10 .6 -355.1
14.0 -152.3 -10 .0 -354 .0
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T ab le  F . l  co n tin u ed , Sp ecific  enthalpy o f  ice.
T em p era tu re S p ecific  en th a lp y T em p era tu re S p ec ific  en th a lp y
D e g F B tu /lb D e g C k J/k g
15.0 -151 .8 -9 .4 -3 52 .8
16.0 -151 .3 -8 .9 -3 51 .7
17.0 -150.8 -8.3 -3 50 .6
18.0 -150.3 -7 .8 -3 49 .5
19.0 -149 .9 -7 .2 -348 .3
20 .0 -149 .4 -6 .7 -3 47 .2
21 .0 -148 .9 -6.1 -3 46 .0
22 .0 -148 .4 -5 .6 -3 44 .9
23 .0 -147 .9 -5 .0 -343 .7
24 .0 -147 .4 -4 .4 -3 42 .6
25 .0 -146 .9 -3 .9 -3 41 .4
26 .0 -146 .4 -3.3 -340 .3
27 .0 -145 .9 -2.8 -339.1
28 .0 -145 .4 -2 .2 -3 38 .0
29 .0 -144 .9 -1 .7 -336 .8
3 0 .0 -144 .4 -1.1 -3 35 .6
31 .0 -143 .9 -0 .6 -334 .5
32 .0 -143 .4 0 .0 -333 .3
Table F.2 provides the specific enthalpy properties o f water used to calculate the 
heat removed with melt in Chapter 6.
T ab le  F .2  - Sp ecific enthalpy o f  water (Sourced from  the A SH R A E  H andbook o f  Fundam entals).
T em p era tu re S p ecific  en th a lp y T em p era tu re S p ec ific  en th a lp y
D eg  F B tu /lb D e g C k J/k g
32 0.00 0 0
41 9.03 5 21
50 18.03 10 4 1 .9
59 27 .06 15 62.9
68 36 .05 20 83.8
77 45 .09 25 104.8
86 54 .08 30 125.7
95 63.11 35 146.7
104 72 .10 40 167.6
113 81.14 45 188.6
122 90 .17 50 2 0 9 .6
131 99 .17 55 230 .5
140 108.20 60 251 .5
149 117.19 65 272 .4
158 126.23 70 293 .4
167 135.22 75 314 .3
176 144.25 80 335 .3
185 153.24 85 356 .2
194 162.28 90 377 .2
203 171.27 95 398.1
212 180.30 100 419.1
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F igu re  F . l  - W iring diagram from  the TRS Defrost D A Q  system  show ing a selection  o f  sensors
m onitored b y  the D A Q  system .
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F ig u re  F .2  - Show s the control sequence used  b y  the TRS Defrost D A Q  system  to control the desired
com partm ent set-point temperature.
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F ig u re  F .3  - Show s the dem and defrost control sequence used  b y  the TRS Defrost D A Q  system  to
test n ew  dem and defrost control algorithm s.
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P (psig)
T(degC)
F ig u re  F .4  - Show s the TRS Defrost D A Q  using refrigerant pressure (P) and temperature (T) data to  
attain the corresponding specific  vo lum e (V ), enthalpy (H ) and entropy (R) from the refrigerant
properties database.
-15 47.8624 0.061 360.2 1,6317
-10 47.8624 0.0625 364.3 1,6477
-5 47.8624 0.064 368.5 1.6635
0 47.8624 0.0655 372.8 1.6792
5 47.8624 0.0669 377.1 1.6947
10 47.8624 0.0684 381.4 1.7101
15 47.8624 0.0699 385.8 1.7254
20 47.8624 0.0713 390.2 1.7406
25 47.8624 0.0728 394.6 1.7556
30 47,8624 0.0742 399.1 1,7706
35 47.8624 0.0756 403.6 1.7854
40 47.8624 0,0771 408.2 1.8001
45 47.8624 0.0785 412.8 1.8147
50 47.8624 0.0799 417.5 1.8292
55 47.8624 0.0813 422.2 1,8437
60 47.8624 0.0827 426.9 1.858
65 47.8624 0,0841 431.7 1.8722
70 47.8624 0.0855 436.5 1.8863
75 47.8624 0.0869 441.3 1.9004
80 47.8624 0.0883 446.2 1.9144
85 47.8624 0.0896 451.2 1,9282
90 47.8624 0.091 456.2 1.942
Pres. - page
row
32
F ig u re  F .5  - Presents the refrigerant therm odynam ic properties database for R 404a.
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“pgpjÿÿî
Mass fiowrate calculated across the 
compressor using empirical Formula.
J £ T
I pgd m
|vratio
I
L «
C C •-> i C
No 1 Nrps
PGOR
PVIR
Vratio=PVIR/PGOR;
A=100,3014543;
B=Nrps*(-0.00345302); 
i ;■ : jc=Vratio*(-5.237354);
", -, I D=Nrps*Vratio*0.00106672; 
E=Nrps*0,000424;
PGDM=(((A+B+C+D)/100)/ 
PVIR)*E*3600*0,962
F ig u re  F .6  - Presents the sim ulated refrigerant m ass flow  rate calculation being perform ed b y  the
TRS Defrost D A Q  system .
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